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SULFUR IN PROTEINS 


VI. QUALITATIVE STUDIES IN THE ALKALINE DECOMPOSITION 
OF CYSTINE* 


By HAROLD V. LINDSTROM anp W. M. SANDSTROM 


(From the Division of Agricultural Biochemistry, University of Minnesota, 
St. Paul) 


(Received for publication, August 22, 1940) 


Quantitatively it has been shown that, when cystine is boiled 
in alkaline solution, desulfurization to H,S and deamination to 
NH; are never complete. The alkaline earth hydroxides were 
found to be more destructive than the alkali hydroxides. 

Qualitatively it has been shown that cystine in boiling alkali 
will give HS, 8, H2S.0;, H2SO;, CO2, NHs, oxalic acid, and non- 
volatile liquid acids; a product resembling uvitic acid was isolated 
_ by Baumann (1); and dl-alanine was isolated by Mauthner (2) 

from a lot in which cystine had been kept for 2 months in cold 
NH,OH containing zinc dust. Gortner and Sinclair (3) boiled 
cystine in Ba(OH). for 24 hours and were able to isolate only 
hygroscopic material from which it was difficult to identify organic 
products. Clarke and Inouye (4, 5) demonstrated that pyruvic 
_ acid was a primary decomposition product of cystine and showed 

_ that this pyruvic acid accounted for the rapid destruction of 
cystine in the manner of an autocatalytic reaction. In spite of 
the destructive nature of the pyruvic acid generated, some de- 
- composition product of cystine stabilized residual cystine, as 
' shown by the data of Thor and Gortner (6). Herbst (7) boiled 
_ ethyl cysteine with pyruvic acid in water solution to obtain 

‘alanine, CO., CH;CHO, and ethy! thioglycolic aldehyde. 


‘ * Published as Paper No. 1839, Journal Series, Minnesota Agricultural 
_ Experiment Station. Condensed from a thesis submitted by Harold V. 
Lindstrom to the Faculty of the Graduate School of the University of 
_ Minnesota in partial fulfilment of the requirements for the degree of 
_ Doctor of Philosophy, June, 1940. 
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The purpose of the present investigation was to identify the 
organic products of decomposition and to explain why cystine jg 
stabilized by its own decomposition products. 


EXPERIMENTAL 


50 gm. samples of tyrosine-free cystine were boiled under a 
reflux with 1 liter of 2 N Ba(OH)- for 24 hours. The cooled soly- 
tion was filtered and suction was applied to the filtrate to remove 
as much NH; as possible, after which barium was removed with 
H,SO,. The barium-free and sulfate-free solution was concen- 
trated in vacuo to a hygroscopic syrup which was found to be 
acidic, to contain non-cysteine —SH groups, and to have strong 
reducing powers. When neutralized with BaCQOs;, there was 
obtained an alcohol-insoluble but water-soluble barium compound 
which was dry and stable in air. A 25 gm. portion of this powder 
was treated with concentrated HNO; and the mixture was evapo- 
rated on the steam bath to a pale yellow syrup together with a 
white solid mass. Extraction with ether removed two solid acids, 
oxalic acid and water-insoluble uvitic acid (m.p. 290°, methyl 
ester m.p. 97°). The ether-insoluble residue was extracted with 
boiling water to remove uvitonic acid (2-methyl-4 , 6-dicarboxy- 
pyridine), insoluble in cold water, and an acid syrup containing 
sulfonic acid groups, which was soluble in cold water. The 
uvitonic acid was identified by its melting point (274°) and by the 
fact that on heating with CaO it gave a-picoline (identified as the 
picrate, m.p. 162°). The ether-insoluble and hot water-insoluble 
mass proved to be barium sulfate. Since the nitric acid treatment 
destroyed most of the organic sulfur acids in the syrup, the un- 
treated syrup was investigated. Ether removed an acid syrup 
rich in sulfhydryl groups but identification was difficult because 
of the poor yield and impurity of extract. 

In a control experiment, in place of cystine the three primary 
decomposition products (pyruvic acid, H»S, NH;) were added to 
boiling barium hydroxide at a rate approximating their rate of 
generation in cystine decomposition. After all had been added, 
the boiling was continued for 5 hours to make sure that only those 
products stable to boiling alkali would be obtained in the hygro- 
scopic residue. By this means enough ether-soluble syrup was 
obtained for identification; this syrup was dissolved in water, 
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reduced with tin and hydrochloric acid, and identified as thiolactic 
acid by use of the benzyl derivative (m.p. 73°) in the manner of 
Suter (8). Uvitic and uvitonic acids were also found, as well as 
thiolactic acid. 

In attempts to isolate alanine from the decomposition products 
of cystine, the nitric acid treatment could not be used. The 
organic sulfur was partially removed by ether extraction and then 
by exhaustively boiling with alkaline lead acetate in which alanine 
is stable. The excess lead was removed with hydrogen sulfide; 
the filtrate was neutralized with sodium carbonate, concentrated, 
and treated with alcohol. Analysis of the resulting precipitate 
indicated total nitrogen equivalent to 26.7 per cent and amino 








Taste I 
Sullivan Color Values Showing Stabilization of Cystine by Alanine 
Molar ratio of alanine to cystine Ratio of ae with 
0 1.00 
1 1.03 
2 1.03 
5 1.19 
10 1.32 
15 1.06 
20 0.86 








nitrogen equivalent to 28.9 per cent of alanine. Estimation of 
alanine by the method of Fiirth (9) showed 27.5 per cent. The 
presence of glycine, shown by Daft and Coghill (10) to be pro- 
duced in the alkaline decomposition of serine, thus appears 
unlikely. The alcoholic filtrate on treatment with acetone 
yielded a sticky precipitate which also was rich in alanine, but 
attempts to prepare a crystalline benzoyl derivative from it were 
unsuccessful. 

These results made it appear possible that cystine is stabilized 
in boiling alkaline solutions not by the formation of a “cystine-X” 
complex (6) but by the inactivation of pyruvic acid by its conver- 
sion into a Schiff base with alanine. To test this hypothesis, a 
series of experiments was conducted in which cystine was heated 
under standard conditions with alkali alone and in the presence 
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of alanine. Mixtures of 0.100 gm. of cystine with various amounts 
of the sodium salt of alanine were made up to 25 cc. with 2 x 
sodium hydroxide. These solutions were heated on the steam 
bath for 2 hours, as in the experiments of Thor and Gortner (6), 
The relative amounts of unchanged cystine (Table I) were de- 
termined by the colorimetric method of Sullivan (11), which is 
the only available procedure applicable in the presence of sodium 
sulfide and sulfhydryl compounds (such as thiolactic acid). In 
control experiments in which the heating was omitted no change 
in color intensity was induced by the addition of alanine up to 10 
proportions, but with 15 m and more a progressive decrease was 
found. This explains the low ratios observed when cystine was 
heated in alkaline solution with 15 and 20 moles of alanine. 
Similar results were obtained in comparable experiments with 
potassium hydroxide, but with barium hydroxide no increase 
in the color ratio with increasing amounts of alanine was observed. 


DISCUSSION 


Cystine breakdown can be pictured as taking place in two main 
steps. The first is the removal of sulfur as H.S and nitrogen as 
NH; to leave pyruvic acid, and is a relatively slow reaction. The 
pyruvic acid is subject to several competing reactions; one of these 
is the combination of the carbonyl group of the pyruvic acid with 
the amino group of cystine to split out water and leave a Schiff 
base type (I). The formation and resultant breakdown of the 


HOOC—-CH—CH,;-—-SH + O 
NH; HOOC—C—CH; 
HOOC—CH—CH;—SH + H,0 
l 


N 


| 
HOOC—C—CHs 
(I) 


Schiff base form the second step and are relatively fast reactions. 
Since the breakdown results, as shown by the mechanism of 
Herbst (7), in the formation of aldehydes (acetaldehyde and 
thioglycolic aldehyde) which themselves promote the decomposi- 
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tion of cystine, the resulting increase in the rate of cystine de- 
composition follows the curve of an autocatalytic reaction (II) 
as shown by Clarke and Inouye (4). Alanine is formed from the 


HOOC—-CH—CH;—SH HOOC—C—CH,—SH 
| 
N ae N 
] 

HOOC—-C—CH, HOOC—-CH—CHs; 
! 
| H,O | H;0 
u 

CO, + CH;CHO + CO, + HS—CH,—CHO + 
HOOC—CH(NH,)—CH,—SH CH;—CH(NH:)—-COOH 


(ID 


Schiff base breakdown and it can combine with pyruvic acid in 
the same manner as does cystine, but the net result in this case is 
the splitting of pyruvic acid to carbon dioxide and acetaldehyde 











CH,—CH(NH;)—COoH + cH,—co—coon 422, 

HOOC—CH—CH; 

| H,O 

N 

| 
HOOC—C—CH; 

| | CH;—CH(NH.)—COOH + 

a CO, + CH,CHO 

HOOC—-C—-CH; 

I H.O 

| 
HOOC—CH—CH, 


(IID 


(I). The alanine is not destroyed but accumulates as cystine 
disappears, and with increasing effectiveness competes with the 
cystine for the pyruvic acid, at which time the decomposition of 
cystine due to Schiff base formation becomes very small. 

The apparent paradox, that the generally more active alkali 
metal hydroxides decompose cystine at a slower rate than barium 
hydroxide (6), can be resolved by taking into consideration their 
greater activity in bringing about the condensation of destructive 
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carbonyl groups. The decrease in the rate of cystine decomposi- 
tion as the concentration of sodium hydroxide or potassium 
hydroxide increases (6) can be similarly explained. 


SUMMARY 


Uvitic, uvitonic, and thiolactic acids were identified for the 
first time as alkaline decomposition products of cystine and it was 
shown that they arose from the action of the alkali on the primary 
decomposition products, pyruvic acid, NH;, and H,S8. 

Alanine was demonstrated as a decomposition product by 
quantitative analyses on a powder isolated from a barium hy- 
droxide decomposition. Since alanine was found to stabilize 
cystine somewhat in sodium hydroxide and potassium hydroxide 
but not in barium hydroxide solutions, a theory was put forth 
that alanine stabilized cystine in alkaline solutions, the alanine 
arising from the decomposition of cystine and inhibiting the action 
of the cystine-labilizing factor, pyruvic acid. The result is that 
alanine is resynthesized and pyruvic acid (as well as any acetalde- 
hyde derived from it) is removed by being condensed rapidly in 
sodium hydroxide or potassium hydroxide but only slowly in 
barium hydroxide. 
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THE ADSORPTION OF PHOSPHATES AT FORTY DEGREES 
BY ENAMEL, DENTIN, BONE, AND HYDROXYAPATITE 
AS SHOWN BY THE RADIOACTIVE ISOTOPE* 


By HAROLD CARPENTER HODGE, GRANT VAN HUYSEN, 
JOHN F. BONNER, anp STANLEY N. VAN VOORHIS 


(From the Department of Biochemistry and Pharmacology, School of Medicine 
and Dentistry, and the Department 0, Physics, College of Arts and 
Science, The University of Rochester, Rochester, New York) 


(Received for publication, December 12, 1940) 


Adsorption of phosphates by calcified tissues may occur from 
the potassium hydroxide-ethylene glycol solutions used to extract 
the organic portion of tooth and bone substance (1, 2). Since it 
has recently been shown that dentin and enamel exchange phos- 
phates with aqueous phosphate solutions (3), it is of interest to 
determine whether these systems are described by adsorption 
isotherms. 


Procedure 


Radioactive phosphate solutions were prepared from bom- 
barded red phosphorus as has been described previously (1). 
Aliquots from these solutions were suitably diluted; the activities 
determined by the Geiger-Miiller scale-of-four counter (4) were 
used as standards for calculating the experimental values. 

The samples used were powdered (60 mesh) bone, dentin, and 
enamel. The bone and enamel samples had been glycol-ashed 
(2); the dentin was the unashed product of the centrifugal flota- 
tion separation process (5). The hydroxyapatite was Sample 
Hl (Ca:P ratio 2.10) described by Hodge, LeFevre, and Bale (6). 
It was not screened. 

Suitable aliquots of the radioactive phosphate solution were 
made up to 50 cc. with solutions of disodium acid phosphate 


* This work was supported in part by grants from the Carnegie Corpora- 
tion of New York and from the Rockefeller Foundation. 
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which varied in concentration from 0.2 to 0.00002 m by powers 
of 10. 25 cc. of the phosphate solutions containing radioactive 
phosphorus were stirred with 50 mg. samples of bone, dentin, 
enamel, or hydroxyapatite for 30 minutes at 40°. The solutions 
were decanted after centrifugation and the precipitates washed 
twice with distilled water. The precipitates were dissolved in about 
3 ec. of normal hydrochloric acid. The counting procedure hag 
been described previously (7) as well as the methods of calculation, 


Data 


In Table I are given the mg. of phosphorus picked up per gm. 
of bone, hydroxyapatite, dentin, and enamel at each of the final 
concentrations of phosphate found. There is a regular progression 


TaBLe I 


Phosphorus Picked Up by Various Calcium Phosphates from Solutions of 
Sodium Phosphate (0.2 to 0.00002 m) 























eee. Avengp P plahed up per gm. Log X/M 

tion of 

phosphate : < in car ; 
(approximate) | Bone Apatite | Dentin ‘Enamel; Bone Apatite | Dentin | Enamel 

mg. mg. mg. mg. 

1.6 X 107! | 55.2 | 45.7 | 26.1 | 19.8 1.74 1.66 1.42 1.29 
1.6 X 10°? | 24.1 | 19.1 | 14.1 5.4 1.38 1.28 1.15 0.73 
1.6 X 10°? | 4.4 1.8; 0.9 1.3 0.64} 0.25 | —0.03 0.11 
1.5 X 10°*;} 1.2; 0.7] 0.3] 0.1 0.06 | —0.16 | —0.52 | —0.89 
1.4X 10*| 0.2) 0.1} 0.07) 0.04) —0.71 | —0.85 | -1.15 | -1.48 

















for each substance; 20 to 50 mg. of phosphorus are picked up per 
gm. of solid exposed to the highest phosphate concentration and 
0.04 to 0.2 mg. is picked up from the most dilute phosphate solu- 
tion. Expressed as percentages of the total phosphate in the 
solution initially, the solids picked up approximately 1, 1, 4, 10, 
and 20 per cent from the solutions in order of increasing dilution. 

When the logarithms of the mg. of phosphorus picked up per 
gm. of sample (logi X/M) are plotted as ordinates against the 
logarithm of the molar concentration of phosphate remaining in 
the solution at equilibrium (log C), a straight line is obtained 
(Fig. 1) for each solid. These lines are not parallel; instead they 
diverge in the lower concentration ranges. However, since & 
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linear function is obtained for each calcium phosphate, this 
criterion of adsorption is satisfied and each substance may be said 
to adsorb phosphates under the conditions of the experiment. 
The equation for each of these lines was calculated; the n and k 


more 


2.0 


os 


LOG X/M 
°o 








6 86 4 3 “1 C) 
LOG ¢ 


Fig. 1. Adsorption isotherms at 40° for phosphates on various calcium 
phosphates. 


values for the Freundlich adsorption equation logy X/M = logy 
k + 1/n logy C are as follows: 











| Bone | Apatite Dentin Enamel 
| ae 1.71 | 1.59 | 1.47 1.40 
i.cs......) 200 | 166 | 1b 87 
DISCUSSION 


The isotherms (Fig. 1) show that bone, dentin, and enamel 
adsorb phosphates from aqueous solutions at approximately body 
temperature. Furthermore, these calcified tissues adsorb phos- 
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phates in a fashion mathematically comparable to the adsorption 
by a synthetic hydroxyapatite. This evidence supports the 
concept (6) that the principal inorganic molecule of tooth and 
bone substance is hydroxyapatite upon the minute crystal surfaces 
of which sufficient phosphates are adsorbed to account (at least 
in part) for the calcium to phosphorus ratio of 2.10 (theoretical 
Ca:P ratio for hydroxyapatite, 2.15). 

In Fig. 1, the location of the isotherms indicates that in order 
of their ability to adsorb phosphates bone > dentin > enamel. 
Armstrong (3) has recently compared the ability of dentin and 
enamel to pick up phosphate from aqueous solutions at 37°, 


His data for dentin (log X/M = 1.1, log C = —1.2) fall almost 
exactly on our isotherm for dentin; however, his data for enamel 
(log X/M = +0.2, log C = —1.2) fall below our isotherm. 


Manly and Levy (1) have reported that, from ethylene glycol 
solution at 200° under conditions like those used in ashing calcified 
tissues, the calcified tissues adsorb phosphates in the order bone 
> dentin > enamel. Volker et al. (7) have reported the same 
order in the ability of these tissues to adsorb fluorides. The k 
value, characteristic of the adsorbent, expresses the adsorbing 
power quantitatively. When the k for enamel is set at unity, the 
k values for bone and dentin are as follows: 














Adsorption conditions Bone | Dentin 
Phosphate at 40°......... seveeel 2.4 1.3 
- SE Es vadacceckons « 6.3 5.2 
ae OP @............2..51 2.3 1.9 





Undoubtedly this order arises from some fundamental difference 
in the crystals. One known physical difference is in the size of 
the ultimate crystals; these are much smaller in dentin and bone 
(10-* to 10-* em.) than in enamel (10-‘cm.). The smaller crystals 
would have a larger effective adsorbing surface and should show 
a greater adsorbing power (k). The greater density of enamel 
(2.9) as compared to dentin (2.2) or bone (about 2.0) would limit 
the permeability of this tissue to aqueous solutions and thus tend 
also to give a lower rate of phosphate exchange. 

When the data on phosphate adsorption at 40° are compared 
with those at 200°, two facts are obtained. First, there is (as 
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would be expected) less phosphate adsorbed at 200° than at 40°; 
eg., for bone at 200°, k is 8.8; at 40°, k is 209. Second, the iso- 
therms at 200° are approximately parallel to those at 40°;-e.g., 
for bone at 200°, n is 1.6; at 40°, n is 1.7. 

The delicateness of this radiophosphate method should be 
emphasized. The data for 50 mg. samples of bone in a 0.00002 m 
phosphate solution showed from eight analyses that an average 
of 9.6 y of phosphorus were picked up. The eight analyses varied 
from this average by only 1 per cent (average deviation). To have 
established this fact chemically would have called for the difficult 
task of distinguishing between 4.25 and 4.26 mg. of phosphorus 
in each 50 mg. bone sample before and after exposure to the 
phosphate solution. 

The concept of a mineral exchange in bone has been widely 
accepted. In bone (and probably in dentin) part of the phos- 
phates is assumed to be in equilibrium with the blood phosphates 
(8). As the blood radiophosphorus level rises and falls, the labile 
bone P® level also rises and falls. This rapid turnover may 
involve several equilibria in which adsorption plays a part. 
Exchange adsorption would increase the bone radiophosphorus 
level by exchanging P*! atoms of the surfaces of the minute crystals 
with P® atoms of the blood. This process probably accounts in 
part for the rapid pick-up of P® by various calcified tissues (9). 
Part of the normal mineral metabolism of labile bone may be a 
solution and reprecipitation of calcium phosphates. In these 
reactions, radiophosphorus would fit into the hydroxyapatite 
lattice in the place of P*! atoms. Furthermore, the new crystals 
would present surfaces upon which P® atoms could be adsorbed in 
the ratio P*:P*! currently in the blood. 

In bone, the adsorption processes would be of some importance 
owing to the large fraction shown to be labile (one-sixth of epi- 
physeal bone in young rats) (8). However, in enamel, the slow 
interchange of fluids (by diffusion) would permit contact of radio- 
phosphorus with a much smaller surface in a given time. Thus, a 
negligible turnover of radiophosphorus would be expected and 
has been described (10). On the other hand, if phosphate solu- 
tions (e.g. the saliva) with high P®: P*! ratios were placed in contact 
with the teeth, even the relatively small surface exposed should 
adsorb sufficient P® to give a discernible radioactivity. Volker 
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and Sognnaes (11) have observed higher P® values for surface 
than for inner layers of enamel and suggest that adsorption is a 
factor. Calculations with the data of Table I have shown that 
the salivary levels (P*:P*') may be sufficient to account for ag 
much P® as has been found in surface enamel specimens. Ip 
these calculations it is assumed that area for area the phosphate 
is adsorbed in the proportions observed for powdered enamel] 
samples. Thus, adsorption of phosphates may be in part the 
explanation for the finding of von Hevesy and Armstrong (12) 
that there are small but detectable activities in the enamel of the 
teeth of cats following the subcutaneous administration of highly 
radioactive phosphate solutions. 


SUMMARY 


1. Bone, dentin, and enamel adsorb phosphates at 40° in a 
manner comparable to the adsorption of phosphates by 
hydroxyapatite. 

2. The adsorbing power of bone is greater than that of dentin 
which is greater than that of enamel. This order may depend on 
the fact that bone and dentin have smaller mineral crystals than 
are found in enamel and thus have larger adsorbing surfaces. 

3. The importance of adsorption is indicated (a) in calcification 
phenomena and (6) in accounting for the presence of radioactive 
phosphorus in the surface of tooth enamel. 


The authors acknowledge the technical assistance of Miss 
Bertha Field, Dr. George Diefenbach, Dr. A. H. Pearson, and Dr. 
H. B. McCauley. 
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CHOLINE IN THE NUTRITION OF CHICKS* 


By D. MARK HEGSTED, R. C. MILLS, C. A. ELVEHJEM, 
anp E. B. HART 


(From the Department of Biochemistry, College of Agriculture, University 
of Wisconsin, Madison) 


(Received for publication, November 18, 1940) 


The réle of choline in the nutrition of the young rat has been 
studied extensively (1-4). Sure (5) has also shown the need of 
choline for lactation in mature animals. Its relation to the nutri- 
tion of the chick has not been studied, although Abbott and 
DeMasters (6) concluded that the addition of choline to a skim 
milk powder-polished rice ration increased egg production and 
decreased mortality in laying hens. More recently Jukes (7) 
has shown that turkey poults require choline for normal growth 
and the prevention of perosis. 

In continuing the studies in this laboratory (8) on new factors 
required by growing chicks, we have encountered a severe choline 
deficiency. Chicks upon our basal ration show inferior growth 
and severe perosis which are entirely prevented by the addition of 
0.1 per cent choline to the diet. 


EXPERIMENTAL 


Day-old white Leghorn chicks were divided into groups of six 
and placed in small heated brooders supplied with screen bottoms. 
The experimental ration and water were supplied immediately 
upon receipt of the chicks and were fed ad libitum thereafter. 
Individual weights were recorded at weekly intervals and the 


* Published with the approval of the Director of the Wisconsin Agri- 
cultural Experiment Station. 

Supported in part by a grant from the Wisconsin Alumni Research 
Foundation. 

We are indebted to Works Progress Administration Project No. 8649 
for assistance in the care of animals. 
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occurrence of any symptoms noted. All experiments were 
terminated at 4 weeks, at which time the livers, bones, and blood 
of some of the chicks were taken for analysis. 

The composition of the basal rations' used in these studies is 
shown in Table I. They are based upon Ration 470 reported 
previously (8) with additions of concentrates, yeast, or crystalline 
vitamins to supply the missing factors. Ration 473a contains 
in addition to cartilage (8) a well extracted kidney residue which 


Tasie I 
Composition of Rations 








Constituent | Ration 4738 | Ration 474 

ee cos. JL TESES, LS FO aes 54 47 
Casein, alcohol-extracted................ 18 18 
RO teathd dy + shapieni sine - bent nytn-voene 5 | 5 
EET OTe Scceal 5 5 
Cartilage...... | 15 15 
Brewers’ yeast...... ube 10 
Kidney residue. ... 3 

pg ES ere 10 | 

Thiamine, mg. per kg. ail 2 2 
Riboflavin, “ “ “ 2 | 2 
Pyridoxine, “ “ “ 2 | 2 


Haliver oil fortified with vitamin D, 1 drop per chick per wk. 





* Salts 4 is a modification of Salts 1 (Kline, O. L., Bird, H. R., Elvehjem, 
C. A., and Hart, E. B., J. Nutrition, 11, 515 (1936)). The composition is 


CaCO; 600 Fe(C.H;0;).-6H,O 55 

K,HPO, ce Pee .. 645 KI : 1.6 
CaHPO,-2H,0 (ene hawees . 150 MnS0O,-4H,0 . , 10.0 
NaCl aryl .... 335 CuS0O,-5H,0..... 0.6 


supplies an essential antidermatitis factor reported by Hegsted 
et al. (9) and a yeast eluate which supplies factor U (10, 11). 
This ration contains no appreciable amount of pantothenic acid 


1The yeast used in these experiments was supplied by Dr. Harold F. 
Levine of the Pabst Brewing Company, Milwaukee; the haliver oil by 
Dr. C. Nielson of the Abbott Laboratories, North Chicago; the thiamine, 
pyridoxine, and pantothenic acid by Merck and Company, Inc., Rahway, 
New Jersey; the liver extract by The Wilson Laboratories, Chicago; and the 
soy bean oil by Allied Mills, Peoria, Illinois. 
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but this was supplied in the form of liver extract concentrates. 
The other ration (No. 474) contains brewers’ yeast, which supplies 
all of these factors and perhaps others in adequate amounts at a 
10 per cent level. Crystalline thiamine, riboflavin, and pyri- 
doxine were added merely as a precaution against variation of 
these factors. 


Tas.e II 
Growth-Promoting Activity of Liver Extract Fractions 














Supplement to Ration 473a pF eerreactrowns -y 9 
3 wks. | 4 wks. 
gm. gm. 

IES bn »'« a 20 nino 5A RR 6 50 6 
EGS « «ons ssevessanses45eeu ein 6 125 | 185 
Pantothenic acid concentrate ~ 1007 perday.| 11 84 | 102 
Acid ether extract ~ 4% liver extract...... 6 67 78 1 
Hexane-BuOH extract ~ 6% liver extract... 6 78 88 
Acid ether ‘« + hexane-BuOH ex- 

tract ~ 5% liver extract.................. 6 75 | 101 1 
Acid ether extract + hexane-BuOH extract + 

hexane-BuOH residue ~ 5% liverextract...| 6 129 | 178 
Acid ether extract + hexane-BuOH extract + 

acid ether residue ~ 5% liver extract. .... 6 127 | 187 1 
Acid acetone extract ~ 5% liver extract...| 12 95 | 124 3 

7 “ =e Se aie i 6 120 | 144 

. - “+ residue ~ 3% liver 

Rca sccst sates cee cues ter eae 6 171 | 180 
Acid acetone extract + alcohol extract of acid 

acetone residue ~ 6% liver extract... .... 6 185 | 201 
Norit filtrate ~ 5% liver extract............ 6 105 | 173 
othe anon 6a ann oe nen Ata «cece 6 102 | 144 1 











In Table II are shown typical results obtained upon fractiona- 
tion of liver extract.2 Although the addition of 4 per cent of 
liver extract resulted in fairly good growth, it is obvious that 
factors other than pantothenic acid were supplied, since panto- 
thenic acid concentrates (12) allowed only very poor growth. 
Also, extracts from liver extract, which contain most of the panto- 
thenic acid, did not contain appreciable amounts of the growth 


* Wilson, Fraction D. 
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factor. The acid ether extract was made by dissolving 600 gm. 
of liver extract in 2 liters of water and adjusting the solution to 
pH 1 with HCl. The resulting precipitate was filtered off, washed 
with dilute acid, and the combined filtrates extracted continu- 
ously for 5 days with ether. Woolley et al. (13) have shown this 
extract to be a potent source of pantothenic acid. The hexane- 
butanol extract was made by the method of Black et al. (14). 
The liver extract was extracted by stirring with large volumes of 
butanol and an equal volume of hexane added to the combined 
extracts. After standing, the clear supernatant was concen- 
trated for feeding. The method of Frost and Elvehjem (15) 
for the preparation of acid acetone extracts was used. A solution 
of 500 gm. of liver extract and 500 cc. of water was extracted four 
times with 4 volumes of acetone containing 0.5 ec. of concentrated 
HCl per liter. Uniformly poor growth was obtained with these 
extracts and in all cases the residues remaining after extraction 
were required to give satisfactory growth. The growth factor 
remaining in the residues was soluble in alcohol and not adsorbed 
upon norit from acid solution. Yeast proved to be a poor source 
of the factor, since 10 per cent did not support growth comparable 
to that obtained with 4 per cent of liver extract. 

Since yeast contained little of the growth factor, it was possible 
to use a cruder ration (No. 474) for further investigations which 
offered less possibility of multiple deficiency. In Table III the 
growth obtained with this ration plus various supplements is 
shown. The number of chicks showing perosis in the various 
groups is also given. Additional cartilage or casein actually 
inhibited growth, while additional yeast gave only a slight re- 
sponse. 5 per cent of dry whole kidney gave excellent growth 
which was nearly equaled by the acid acetone residue and picric 
acid filtrate from liver extract. Liver extract heated for 36 
hours at 120° was also effective. Finally the addition of choline 
at a 0.1 per cent level gave growth comparable to that obtained 
with liver extract fractions. In one run 0.2 per cent choline gave 
somewhat better growth. 

Choline also prevents the occurrence of perosis upon this ration. 
Only one slight case has been noted in those groups receiving 
choline. Apparently 0.05 per cent of choline is sufficient to pre- 
vent perosis but is not enough to give maximum growth. This 
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probably explains the results obtained with fish-meal, when 
growth was not stimulated but perosis did not occur. It may 
also explain the failure of severe perosis to occur on Ration 473a, 
since the liver extract preparations probably contain small 
amounts of choline. In fact very severe perosis has been noted 
upon Ration 473a when crystalline pantothenic acid is added to 
the ration instead of liver extract concentrates. 


Taste III 
Relation of Various Supplements and Choline to Growth and Perosis 



































ight | No. 
Supplement to Ration 474 ue. of a aati — anda 
3 wks. | 4 wks. | perosis 4 wks. 
gm. | gm. 
ae ond 4 18 117 | 168 11 
12% additional casein..................| 6 86 | 118 4 
15% $“  cartilage....... | 6 | 98| 1288] 3] 1 
5% e WOO. A064 S88 6 | 127 | 185 | 
EL, Us dich. nbidespaidheaw «4 6 | 114 | 163 
i. 0's swe + ouywient omy slams 6 103 | 166 2 l 
<> oak 'b's eo Wi cheb amuse diene 6 159 | 234 1 
Acid acetone extract ~ 4% liverextract.| 6 | 130 | 170 3 
* “ residue~ 4% “ - 6 173 | 214 1 
Picric acid filtrate ~4% “ i? 6 | 150 | 213 | 
4% heated liver extract... 5 | 168 | 2100; 1 
0.05% choline...... weer 
0.1% Ma AT eae e | 16 | 164 | 210 1 
0.2% dn kineep abe nb kes CREE 6 | 189 | 232 
0.1% og Coe sous whus Sule oe wee 6 | 139 | 183 








* The food intake was limited to that eaten by the group on the basal 
diet. 


That the action of choline in preventing perosis is not due to 
increased consumption of some unknown constituent of the ration 
was shown by limiting the food intake in one group receiving 
choline. Perosis was completely prevented, although the chicks 
gained no more than those receiving the basal ration alone. 

The well known lipotropic action of choline led us to investigate 
the livers of these chicks. Autopsy revealed no gross abnor- 
malities. Analysis of the livers of chicks receiving choline 
showed an average of 3.89 per cent of fat in the fresh tissue. 
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The livers of deficient chicks averaged 3.93 per cent of fat upon 
the same basis. 

Since Wiese et al. (16) have shown a marked decrease in phos- 
phatase content of the bones of perotic chicks on a manganese- 
deficient ration, the bone phosphatase of choline-deficient and 
choline-supplemented birds was investigated. Again no differ- 
ences were found. The bones from perotic birds contained an 
average of 20.1 units per gm. of bone, while those receiving choline 
averaged 22.6 units. These values are somewhat higher than the 
value reported by Wiese for normal chicks of the same age. 


DISCUSSION 


These results demonstrate the requirement of the growing 
chicks for rather large amounts of choline, approximately 0.1 
per cent of the ration. Lower levels may suffice for the preven- 
tion of perosis. The requirement for turkey poults (7) and young 
rats (3, 4) has been reported to be about 0.3 per cent of the 
ration. These relatively high requirements may make choline 
an important factor in practical nutrition, although any decision 
must await further work upon distribution of choline in natural 
materials. It is of interest to note that although Fletcher et al. 
(17) report approximately 2.5 mg. of choline per gm. of yeast, 
analysis of the yeast in our rations failed to reveal the presence 
of choline.* 

The livers of newly hatched chicks have been shown to con- 
tain large amounts of fat (18,19). Tanzi (19) has also shown that 
the rate of removal of liver fat is markedly increased by the 
administration of choline. Our analyses show no accumulation 
of fat in the livers of choline-deficient chicks at 4 weeks of age. 
Thus the fat is eventually removed, even though the chick is 
maintained upon a choline-deficient ration. 

Several investigators have indicated the possibility of an 
organic factor functioning in the prevention of perosis. Heller 
and Penquite (20) state that perosis is prevented by a heat-stable 
factor in water extracts of rice bran which was not replaceable by 
the ash of rice bran. Wiese et al. (21) found that autoclaved rice 
bran failed to protect chicks from perosis, while the untreated 


* We wish to thank H. P. Jacobi for this analysis. 
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bran was effective. Later Hogan, Richardson, and Patrick (22) 
reported a factor present in 95 per cent alcoholic extracts of whole 
liver which in conjunction with manganese prevented perosis. 
Whether or not these results can be identified with the action of 
choline must await further investigation. 

Perosis in chicks has usually been associated with rations high 
in calcium or phosphorus or both and low in manganese. 
None of these is characteristic of our ration. Indeed the salt 
mixture supplies almost a minimum amount of calcium, 0.6 per 
cent of the ration, and the calcium to phosphorus ratio of the 
ration containing 18 per cent of casein is about 1.38. According 
to Wiese et al. (16) 50 parts per million of manganese are sufficient 
to prevent perosis. The salt mixture used here supplies approxi- 
mately 60 parts per million. Thus these two conditions are not 
concerned in perosis resulting from choline deficiency. Wiese 
and coworkers have also shown that a marked decrease in bone 
and blood phosphatase occurs in perotic birds upon high calcium 
and phosphorus rations and that this is prevented by manganese. 
This strongly indicates a relation between phosphatase and perosis. 
However, in choline deficiency no fall was noted. Thus the level 
of phosphatase is not concerned, although it is possible that the 
function of phosphatase may be impaired in choline deficiency. 


SUMMARY 


Choline has been shown to be essential for growth and the pre- 
vention of perosis in growing chicks. Choline-deficient chicks 
did not show fatty livers at 4 weeks of age and bone phosphatase 
values were normal in chicks suffering from perosis due to choline 
deficiency. 


The authors wish to thank G. M. Briggs for assistance in the 
later phases of this work. 
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Workers in this laboratory (1-3) have shown that the require- 
ments for amino acids in the nutrition of the chick do not neces- 
sarily correspond with those of the rat, particularly in the cases of 
arginine and glycine. It seems necessary to determine whether 
further differences in amino acid requirements exist between the 
chick and the rat. In the work to be reported here, the essential 
nature of methionine and its replaceability by cystine and homo- 
eystine have been investigated with an arachin diet. 

The arachin was prepared from peanut meal according to the 
method of Johns and Jones (4). The methionine, cystine, and 
choline were commercial products. The homocystine was syn- 
thesized by the method of Patterson and du Vigneaud (5). 

The experimental procedure was similar to that previously 
described (1). Newly hatched, single comb white Leghorn chicks 
were placed on a standard chick mash for 1 week, then weighed, 
wing-banded, divided into groups, and placed on the experimental 
diets. Each group contained six chicks of the same average weight 
and weight distribution. The individual chick weights were re- 
corded at 1 or 2 day intervals. 

The basal diet for Experiments I and II consisted of arachin 20 
per cent, gelatin 5, gum arabic 5, cod liver oil 1, dried alfalfa 1, 
sodium chloride (containing traces of other elements) 1, calcium 
carbonate 1, tricalcium phosphate 3, l-tryptophane 0.1, brewers’ 
yeast 5, Galen B (rice bran extract) 3, and cerelose (dextrose) 54. 
The basal diet for Experiment III was the same except for these 
differences: brewers’ yeast 7, Galen B 0.5, substitution of a 1:1 
starch-sucrose mixture for the cerelose, and addition of 0.075 per 
cent di-threonine. 
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From the results presented in Table I it is evident that the 
basal diet was decidedly inadequate for the chick with respect to 
its methionine content. A supplement of at least 1 per cent dl- 
methionine was necessary for optimum growth. Apparently 
l-cystine could not effectively replace methionine as far as growth- 
promoting effect is concerned. 




















TaBLe I 
Growth-Promoting Effects of Supplements in Methionine-Deficient Diet for 
Chicks 
Experi- . | Interval | Per cent 
ment ie. Group No. Supplement to diet Level | on diet ois pe 
was days 

I 1 None 8 —1.08 
2 dl-Methionine 0.50 8 +3.44 
3 4: 0.75 8 +4.43 
4 l-Cystine 1.00 8 +0.07 
II 1 None 7 —0.59 
2 dl-Methionine 0.75 7 +4.09 
3 i 1.00 7 +4.59 
III 1 Choline chloride 0.2 1-10 —0.26 
2 dl-Homocystine 0.9 1-10 +1.45 

3 dl-Methionine 1.0 
Choline chloride a3. |= 
4 None 1- 5 —0.46 
4 dl-Methionine 1.0 6-10 +6.30 

5 dl-Homocystine 0.9 
Choline chloride oy ee - & +3.51 

5 dl-Homocystine 0.9 | 

Choline chloride 0.5 +0 $6.8 














* Weight increase in gm. per 100 gm. of body weight. 


Experiment III was designed to test the ability of homocystine, 
with and without choline, to replace methionine in this diet. 
The results indicate that homocystine can effectively replace 
methionine only when a sufficient amount of choline is present. 
An addition of 0.2 per cent of choline chloride did not allow com- 
plete utilization of the homocystine, but 0.5 per cent led to growth 
equivalent to that obtained on the 1 per cent methionine diets. 
The level of choline necessary to insure efficient utilization of 
homocystine is comparatively high. On the other hand, the 
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basal ration appears to have sufficient choline for good growth 
when supplemented with methionine alone. 

The percentage gains of groups fed homocystine show a linear 
relation to the added choline chloride. If this relation is assumed 
to hold at lower levels of choline, it may be estimated that the 
equivalent of 0.15 per cent of choline chloride was present in the 
basal ration or in the chicks or both. While such a calculation 
is by no means proved to be valid at the present time, it is interest- 
ing to:note that Jukes (6) has reported that choline is a growth 
factor for the chick and that a level of 0.1 per cent of added choline 
chloride was optimum for chicks on his diets. 

In a subsequent test we added creatine to the basal diet plus 
choline. No growth-promoting effect was found. Creatine evi- 
dently cannot replace methionine in these diets. 

The above results indicate that the choline-homocystine-methio- 
nine relation established for the rat by du Vigneaud, Chandler, 
Moyer, and Keppel (7) holds true for the chick as well. 


Technical assistance was obtained under the Work Projects 
Administration, Official Project No. 65-1-08-91, Unit Bé6. 


SUMMARY 


1. Methionine is essential for the growth of the chick. 
2. Neither cystine nor homocystine alone can replace methio- 
nine in its growth-promoting effect. Creatine did not replace 


methionine. 
3. Homocystine and choline together can effectively replace 


methionine in the diet of the chick. 
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(Received for publication, December 13, 1940) 


It has been shown by us (1, 2) that in rats and in pigeons 
thiamine is required for the synthesis of fat from carbohydrate. 
Longenecker (3) has reported the synthesis of fat from protein in 
rats fed a diet containing casein, salts, and yeast. Hoagland and 
Snider (4) have confirmed Longenecker’s results. In both cases 
yeast was supplied in the diet and it seemed desirable to determine 
whether thiamine or some other factor in the yeast was responsible 
for the synthesis of fat from protein. 


Methods 


White rats of the Wistar strain, reared in the Connaught Labora- 
tories’ colony, were employed. The general care of the animals 
has been reported previously (5). They were depleted of their 
body stores of the B vitamins and the body fat was reduced to a 
low level by placing them for 3 weeks on Basal Diet 1 (5). The 
rats were then fed Basal Diet 3, with the following composition 
in per cent by weight: casein (Labco) 96, salts mixture (Steenbock- 
Nelson Salts 40 (6)) 4, cod liver oil concentrate 0.015. During 
the period of protein feeding, vitamin and choline supplements 
were administered, by subcutaneous injection, in the following 
amounts per rat per day, unless otherwise indicated: thiamine 
hydrochloride (Merck) 20 y, riboflavin (Hoffmann-La Roche) 
20 7, pyridoxine 40 y, calcium pantothenate 100 y, nicotinic acid 
(Eastman Kodak) 0.1 mg., choline hydrochloride (British Drug 
Houses) calculated as choline base 10 mg. We are indebted to 
Merck and Company, Inc., for gifts of pyridoxine and calcium 
pantothenate. 
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The rats were killed by stunning, the livers removed, and the 
total crude fatty acids in the livers and bodies were determined 
by methods previously published (1, 7). 


EXPERIMENTAL 


A number of experiments have been carried out. Since the 
results have been in good agreement, two typical experiments will 
be described. 


160) pa WEIGHT x 
GRAMS y 
1SO 


5 — ~ 


140 


130 + oe 


.. -& S shinBintia & 10 DAYS 


Fie. 1. The effect of the B vitamins upon the body weight of rats fed 
a high protein diet. Supplements: Curve I, thiamine; Curve II, thiamine, 
riboflavin; Curve III, thiamine, riboflavin, calcium pantothenate; Curve 
IV, thiamine, riboflavin, calcium pantothenate, nicotinic acid; Curve V, 
thiamine, riboflavin, calcium pantothenate, nicotinic acid, choline; Curve 
VI, pyridoxine; Curve VII, pyridoxine, thiamine; Curve VIII, pyridoxine, 
thiamine, riboflavin; Curve IX, pyridoxine, thiamine, riboflavin, calcium 
pantothenate; Curve X, pyridoxine, thiamine, riboflavin, calcium panto- 
thenate, nicotinic acid; Curve XI, pyridoxine, thiamine, riboflavin, eal- 
cium pantothenate, nicotinic acid, choline. 


Series I—The effect of thiamine administered alone, and in 
various combinations with the other known factors of the vitamin 
B complex, was investigated. The body weight changes are 
shown in Fig. 1. The total crude fatty acids in the livers and 
bodies are given in Table I. All results are averages for nine rats. 

Series II—Two groups, each of fifteen rats, received Basal 
Diet 3, thiamine, riboflavin, nicotinic acid, calcium pantothenate, 
and choline during the entire experiment. Group B was given, 
in addition, 20 y of pyridoxine per rat per day. After 5 weeks 





he 


ll 





E. W. McHenry and G. Gavin 473 


ten rats in each group were killed. At this time the average 
weight of the rats receiving pyridoxine was 30 gm. greater than 
that of the deficient animals in Group A. 

The remaining five rats in Group B were continued on the same 
régime for 3 weeks longer. During this period the residual five 
rats in Group A were given 40 y of pyridoxine daily. This caused 


Tase I 
Effect of B Vitamins upon Liver and Body Fat of Rats Fed High Protein Diet 















































Supplements Total crude fatty acids 
Series | Group | tm yer P -| Ne y tae 
‘0. | ‘anto ico- |p. 
; Tminc | Havin | thenie | tinie | Gh. | PUES) Liver | Body 
per cent per cent) gm. 
I | 7.2 | 3.2] 4.7 
+ | | 5.3 | 2.4] 3.1 
a oe | | 7.0 | 2.7] 3.6 
+|+ {+ | 9.2 | 24] 3.2 
the | tip] 8.2 | 2.3] 3.0 
+/+]/+{]+i{+ 5.6 | 2.2] 2.9 
+ | 20] 18] 21 
+ | + | 21] 34] 48 
+ | + + | 2.0] 4.2] 6.4 
+] +] 4+] + | 3.1] 5.7] 9.2 
+/+) +)]+] + | 3.1 | 5.6] 8.9 
£24 tdi Fhtonhin te alia el 5.4| 8.4 
mi; ati +] +i] +i]+i+ 2.9 | 3.5/ 4.4 
B* + ei | + | + + 2.2 5.8 | 9.3 
1 At| +] +/+ | +) + | +t] 3.7] 9.7] 14.0 
| ‘Bt + | +] + | + i+ + | 2.6 | 10.5 | 15.5 
* After 5 weeks. 


t After 8 weeks. 
t Pyridoxine was supplied during the last 3 weeks of the experiment. 


a marked increase in body weight, so that at the end of the experi- 
ment the average weight of the rats in Group A was only 3 gm. 
less than that of the rats in Group B. The total crude fatty 
acids of the livers and bodies are given in Table I. 


DISCUSSION 


In the absence of pyridoxine there was a steady loss of weight 
in rats fed a diet high in protein but devoid of fat and carbohy- 
drate, regardless of the administration of any of the other known 
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B vitamins. Pyridoxine administered with thiamine prevented 
weight loss. The further addition of pantothenic acid and ribo- 
flavin resulted in a gain in weight which was not augmented by 
nicotinic acid or choline. The necessity of pyridoxine for any gain 
in weight of rats fed a protein diet is in marked contrast to its 
slight activity when the diet is high in carbohydrate (5). 

We have previously reported that pyridoxine would not prevent 
the deposition of fat in the liver which resulted when thiamine 
was administered to rats receiving a high carbohydrate diet (5), 
In the present experiments, in which the rats received a protein 
diet free of carbohydrate, a lower value for liver fat was obtained 
in all cases when pyridoxine was given. Under these conditions 
pyridoxine has the lipotropic effect which was reported by Hal- 
liday (8). 

The administration of thiamine alone or in various combinations 
with riboflavin, pantothenic acid, nicotinic acid, and choline in all 
cases resulted in a lower value for body fat than that of the con- 
trol group. The control rats were killed at the end of the defi- 
ciency period; therefore they had received neither the protein diet 
nor any of the B vitamin supplements. Choline was included in 
these tests in order that the body could handle fat normally and 
to prevent the possibility that fat synthesis might be impeded by 
accumulation of fat in the liver. Administration of all these 
known substances failed to give fat synthesis from protein. 

A supply of pyridoxine alone resulted in the greatest loss of 
body fat, but if thiamine was also given the same amount of body 
fat was secured as in the control. This would indicate either that 
no fat had been burned by the animal during the 2 week period or 
that fat was being slowly synthesized from protein and was being 
used up in metabolic processes. 

Pyridoxine, thiamine, riboflavin, and pantothenic acid admin- 
istered together resulted in the greatest value for body fat, about 
double the value of the control. Approximately 30 per cent of 
the increase in body weight can be accounted for by increase in 
fat content. This clearly indicates fat synthesis which was not 
possible when these vitamins were given in the absence of pyri- 
doxine. The further addition of nicotinic acid and choline did 
not increase the body fat. 

Rats fed the protein diet and receiving supplements of thiamine, 
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riboflavin, pantothenic acid, nicotinic acid, choline, and pyridoxine 
gained weight and after 5 weeks the level of body fat was double 
that of a group receiving the same treatment except for the omis- 
sion of pyridoxine. When these deficient animals were given 
pyridoxine, there was a fairly rapid increase in body weight and 
the amount of body fat was tripled in 3 weeks. This confirms 
the fact that pyridoxine is required for the synthesis of fat when 
the diet contains only protein. 

No information is available to indicate the nature of the mechan- 
ism by which pyridoxine brings about fat synthesis from protein. 
As a hypothesis it is suggested that pyridoxine is necessary for 
such stages of protein metabolism as may be essential for the for- 
mation of carbohydrate. The previously demonstrated action of 
thiamine in promoting fat synthesis from carbohydrate would 
explain why pyridoxine alone has been found to have no effect in 


these experiments. 


SUMMARY 


While the administration of thiamine alone will cause the 
synthesis of fat from carbohydrate, it will not do so from protein. 
In the latter case pyridoxine is essential. This vitamin, in com- 
bination with thiamine, prevents a reduction in body fat of rats 
maintained on a protein diet. The synthesis of fat from protein 
is clearly evident when pyridoxine, thiamine, riboflavin, and 
pantothenic acid are supplied. Various combinations of the 
isolated members of the vitamin B complex do not cause the 
synthesis of fat from protein unless pyridoxine is present. It is 
suggested that pyridoxine is essential for the metabolism of protein. 


This investigation was greatly assisted by a grant from the 
Division of Natural Sciences of the Rockefeller Foundation. 
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IS CHOLINE THE FACTOR IN THE PANCREAS THAT 
PREVENTS FATTY LIVERS IN DEPANCREATIZED 
DOGS MAINTAINED WITH INSULIN? 


By C. ENTENMAN anp I. L. CHAIKOFF 


(From the Division of Physiology, University of California Medical School, 
Berkeley) 


(Received for publication, December 2, 1940) 


It has been known for some time that the feeding of raw pan- 
creas prevents the development of fatty livers in completely de- 
pancreatized dogs maintained with insulin. Recent developments 
have dealt with two phases of this problem, (1) the mechanism by 
which the gland eliminates the anti-fatty liver factor and (2) the 
substance in the gland that is effective in this respect. The fact 
that fatty livers result from the exclusion of the external secretion 
of the pancreas from the gastrointestinal tract by duct ligation 
(1-3), as well as the observation that the daily feeding of fresh 
pancreatic juice inhibits the deposition of excessive amounts of 
fat under these conditions (4), suggests that the release of pan- 
creatic juice into the gastrointestinal tract under normal conditions 
serves to maintain a normal lipid content in the liver. The finding 
that choline is just as effective as the raw glandular tissue in pre- 
venting fatty livers from occurring in duct-ligated (5) and in 
depancreatized dogs maintained with insulin (6, 7) led to the 
belief that choline was the active constituent in the pancreas. 
Dragstedt and his coworkers, however, claim to have ruled out 
choline (8). As evidence for this view they point to their observa- 
tion that the daily administration of 200 mg. to 1 gm. of choline 
for 9 to 28 days failed to cure fatty livers in completely depan- 
creatized dogs (weighing 9.4 to 14.5 kilos) maintained with in- 
sulin. But a measurable effect of choline need not have been 
expected under the conditions of their experiment. It was shown 
elsewhere that, although the preventive action of choline can be 
readily demonstrated when daily feedings of it are instituted imme- 
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diately after panereatectomy, its curative action is very slow, daily 
feedings of as much as 3 gm. daily being necessary to produce 
measurable effects upon livers in which large amounts of fat have 
already accumulated (7). Thus 26 per cent fatty acids were found 
in a liver of a 6.3 kilo dog despite the ingestion of 2 gm. of choline 
chloride daily during the 6 weeks preceding removal of its liver. 
Moreover, the feeding of the same amount of choline to dogs 
weighing 5.8 to 8.0 kilos for 11.5 to 15 weeks failed to restore the 
lipid content of the liver to normal. Curiously enough, the entire 
series of observations on choline reported by Dragstedt et al. con- 
sisted of those on four dogs, two of which died 4 to 5 weeks after 
pancreatectomy despite the fact that, as shown in this laboratory 
(9), such animals can be kept alive for years without choline 
supplements when maintained on a diet of lean meat and sucrose, 
supplemented with vitamins and salts. More recently these 
workers claimed to have observed effects with amounts of a pan- 
creas fraction as small as 55 to 125 mg. (10). It must be clear, 
however, from the above considerations that further investiga- 
tions of the réle of choline in the total physiological action of raw 
pancreas are highly desirable. It is still an open question whether 
the lipotropic effect of raw pancreas in the depancreatized dog is 
the result of its choline content or whether it contains a liver 
factor in addition to the choline. 

Although the above discussion has dealt with the fatty livers of 
only the completely depancreatized dog, it should be noted here 
that the lipotropic effects of choline and pancreas have also been 
compared in the case of fatty livers produced in normal rats by 
the feeding of a low protein-high fat diet. No agreement as to 
whether choline accounts for the total lipotropic effect of the pan- 
creas has been obtained even in the rat (11-13). It appears 
necessary to point out again, however, that, since the mechanisms 
for the production or cure of fatty livers in the depancreatized dog 
and normal rat have not been shown to be identical, conclusions 
derived from one should not at present be applied to the other. 


EXPERIMENTAL 


Twenty-five adult dogs were used in the present study. For 
periods of 1 to 3 weeks before pancreatectomy, each dog was fed 
per day a mixture containing 30 gm. of lean meat and 6 gm. of 
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sucrose per kilo. Vitamins! and salts were added to this mixture 
daily in the form of 3 cc. of cod liver oil, 5 ce. of galen B (vitab, 
Type II, liquid), and 2 gm. of Cowgill’s salt mixture (14). 

The standard diet fed twice daily after pancreatectomy con- 
sisted of 250 gm. of lean meat, 50 gm. of sucrose, and 5 gm. of 
bone ash. The vitamin supplements recorded above were added 
once daily. Food was administered at 8.00 a.m. and 4.00 p.m.; 
8 units of insulin? were injected at each time of feeding. 

In the present investigation various amounts of choline and of 
two pancreas fractions (AR and KAR) were examined with respect 
to their effects in inhibiting fat deposition in the livers of depan- 
ereatized dogs. The feedings of these substances were not begun 
immediately after pancreatectomy; they were begun when the 
animals had fully recovered from the operation, as shown by com- 
plete healing of the wound and by the acquisition of a vigorous 
appetite. During the interval between the operation and the 
commencement of the administrations of choline, Fraction AR, 
and Fraction KAR, each depancreatized dog received 125 gm. of 
raw pancreas twice daily in addition to the standard mixture listed 
above. This precaution was believed to insure the presence of a 
normal lipid content in the liver (15) at the.time that choline, 
Fraction AR, and Fraction KAR treatments were started. 

Livers were removed for analysis between 8.00 and 9.00 a.m. 
after the animals had been anesthetized with an intravenous injec- 
tion of nembutal. At this time the dogs were in the postabsorptive 
state, having received their last meal and injection of insulin at 
about 4.00 p.m. of the previous day. The whole liver was thor- 
oughly ground and the lipids determined from 10 gm. samples by 
the oxidative procedures described elsewhere (16). Free choles- 
terol was determined in an acetone solution after the phospholipid 
had been precipitated. 


Minimum Dose of Choline Necessary to Prevent Fatty Livers 


It must be apparent by now that no decision concerning the 
relation of choline to the action of pancreas upon the livers of the 


' The standardized cod liver oil was kindly furnished by Mead Johnson 
and Company; the vitamin B concentrate by Vitab Products, Inc., Emery- 
ville, California. 

*The insulin used in this study was generously supplied by Eli Lilly 
and Company. 
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completely depancreatized dog receiving insulin can be made until 
the minimum effective dose of choline is known. The effects of 
various amounts of choline upon the lipid content of the livers of 


Tasie I 
On Minimum Amount of Choline Required to Prevent Fatty Livers 
The liver values are expressed as per cent of wet weight of tissue. 






























































Weight > at Choline Liver 
Dog No.| £ 3 | § § —, 3 
a1] | laple | beta! (a 
+Sits = = 2 a 
4 3 /$3/82| 2 353/23 3|3 3 
z 2 E ° He 5 | SSFi gs Af S) g 33 : 
Olm | ae |S ia fa Ae fe Elie] mw | & 
kg. | kg. | kg. | wks.| wks.| wks.| mg. | mg. | mg. | gm. paw p< p= = 
D-183 | 6.0) 6.5) 7.6) 26 | 5 | 21 75} 13 12 | 400 17.00 
D-235 | 6.6) 6.6) 5.3) 23 | 7 | 16/| 100) 15) 15 | 415)0.33 13.30/1.28 
D-240 | 9.8) 9.8) 7.1; 20 | 3 | 17 100) 10) 10 | 360/0.54/0.21/16.80)1.71 
D-242 | 9.0) 8.3) 5.0) 20 | 3 | 17 | 100) 11 | 12 | 235/0.33/0.19/10.60)1.98 
D-186 |11.8)10.4) 9.5) 23 | 3 | 20} 150) 13 | 15 | 455 3.89 
D-215 | 8.8) 8.4) 5.3) 22; 1 | 21 | 300) 34 | 36 | 270/0.21/0.16) 2.57|1.88 
D-221 | 6.9) 7.7| 6.7; 19 | 4 | 15 | 300) 44 39 | 315/0.30/0.20) 2.38 
D-220 | 6.6) 7.0) 6.0; 23 | 4 | 19 | 300) 46 | 43 | 377/0.28/0.18) 2.16/1.40 
D-181 |11.2/11.2) 8.8) 22 | 2 | 20 | 400) 36 | 36 | 490/0.24/0.24) 2.22)1.90 
D-214 |11.5)11.0) 6.7; 6/ 1 5 | 400) 35 | 36 | 260/0.31/0.28) 2.35)1.90 
D-163 |10.3) 9.8) 7.2) 6| 2 4 | 400; 39 | 41 | 355/0.32/0.32) 6.45)1.60 
D-175 | 8.0) 7.5) 5.0) 24 | 3 | 21 | 400) 50 | 54 | 340/0.30/0.28) 3.03)1.73 
D-227 | 9.5) 9.3) 7.4) 28 | 8 | 20 | 500) 53 | 54 | 320/0.35 4.50/1.15 
D-151 |10.5)10.0) 7.6) 28 | 6 | 22 | 600) 57 | 60 | 340/0.25)0.25) 2.65)1.80 
D-156 |11.3)10.0) 8.0) 13 | 2 | 11 | 600) 53 | 60 | 360/0.30/0.30) 2.37/1.96 
D-145 | 7.5) 7.5) 8.0) 22 | 3 | 19 | 800) 107 |107 | 390/0.21/0.20) 3.52/1.78 
D-154 |14.5)11.7| 7.0) 27 | 5 | 22 | 800) 56 | 69 | 365)0.21/0.21) 2.50/1.23 © 
D-164 |10.3)10.0) 3.8) 13 5 8 | 800! 78 | 80 | 140/0.28 2.35)2.35 





* Each dog after pancreatectomy received twice daily 250 gm. of meat, 
50 gm. of sucrose, 5 gm. of bone ash, and 125 gm. of raw pancreas. Vitamin 
supplements were given twice weekly. When the dogs regained their 
appetites, the raw pancreas was eliminated from their diets and the 
amounts of choline specified above added to their evening meals. 


eighteen depancreatized dogs were therefore determined; the re- 
sults are recorded in Table I. The administrations of choline 
were not begun until intervals of 1 to 8 weeks had elapsed after 
excision of the pancreas. As noted above, the lipid content of 





-— Ft OooOomacouwwo oc & oo 


on 


—=Sas @ F 





C. Entenman and I. L. Chaikoff 481 


the liver was normal at the time choline treatments were in- 
troduced (7). 

With few exceptions, choline was fed for 15 to 22 weeks. It 
was previously shown that this period is required for fatty livers 
to develop consistently in depancreatized dogs maintained with 
insulin (15). 

The effect of 75 mg. of choline was tested in a single dog, No. 
D-183. This amount of choline was fed daily for 21 weeks; at 
the end of this period the dog’s liver contained 17 per cent fatty 
acids. Three dogs received 100 mg. of choline daily for 16 to 17 
weeks; their livers contained 11 to 17 per -ent fatty acids. 

Complete prevention of fatty livers was observed when doses 
of 36 mg. or more choline per kilo of body weight were employed. 
Six dogs received choline in amounts varying from 36 to 43 mg. 
per kilo. Whether examined at the end of 4 weeks or at the end 
of 21 weeks after the daily administrations of this amount of 
choline had been begun, the lipid content of the liver was normal 
or quite close to normal. Thus the total fatty acid content of the 
livers of five of the six dogs did not exceed 2.6 per cent. In a 
single dog, No. D-163, the total fatty acid content of the liver was 
6.4 per cent. In seven other animals the dose of choline varied 
from 54 to 107 mg. per kilo daily. These doses were also effective 
in inhibiting the deposition of excessive amounts of lipid in the 
liver. 


Effect of Small Amounts of Pancreas Fractions upon Lipid Content 
of Liver 

In the experiments described below, the whole gland was not 
used. A fraction of pancreas designated as Fraction AR was 
tested. It was prepared as follows: The raw glandular tissue ob- 
tained fresh from the slaughter-house was ground and thoroughly 
shaken with 2 volumes of acetone for 1 hour. The residue was 
extracted for a second time with the same amount of acetone and 
then pressed to remove as much of the solvent as possible. The 
residue was then dried in warm air, ground to a fine powder, and 
finally extracted with ethyl ether in a Soxhlet apparatus for 8 
hours. This residue has been designated Fraction AR. It was 
stored at —18° until used. 1 gm. of this pancreas fraction corre- 
sponds to approximately 5.5 gm. of the original glandular tissue. 
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Table II shows that supplementing the standard diet with as 
small an amount of Fraction AR as 1 gm. per day is sufficient to 
prevent completely the development of fatty livers. In all three 
dogs the livers were analyzed for lipids after administration of 
Fraction AR had been continued for a full 20 weeks. 

In another group of dogs, the effect of heat on the anti-fatty 
liver action of Fraction AR was examined. Fraction KAR was 


TaBie II 
Effect of Daily Ingestion of Pancreas Fractions on Liver Lipids 
The liver values are expressed as per cent of wet tissue. 















































Weight ae Pancreas fraction | Liver 
Dog No.| £ z 4 a at | PORTE ey iF 

3 H z zis Total | Phos- 

5 3 : Type : z PO nn fatt pho. 

S ac 

g q | 54 : z ‘S | Total! Free ms 
ce ee 

ko. | ko. | whe. | wks wks.| gm. | gm. aA pA ee pan 
D-231 | 6.7) 6.0) 24 4 AR 20 | 1 | 460 | 0.21) 0.13) 2.26) 1.44 
D-233 | 5.9) 6.7| 24 4 - 20 | 1 | 370) 0.23) 0.16) 1.65) 2.11 
D-238 | 8.0) 7.4) 23 3 = 20 |} 1 | 450 | 0.17) 0.18) 3.78) 2.18 
D-264 | 13.0) 8.8) 22 5 KAR | 17 | 4 | 744 | 0.33) 0.14/31.80) 1.23 
D-265 | 11.1) 8.8} 22 5 = 17 | 4 | 565 | 0.30) 0.19/23.80} 1.32 
D-267| 7.2) 7.1) 22 5 ” 17 | 4 | 283 0.44) 0.38)18.20) 3.46 








* Each dog after pancreatectomy received twice daily 250 gm. of meat, 
50 gm. of sucrose, 5 gm. of bone ash, and 125 gm. of raw pancreas. Vitamin 
supplements were given twice weekly. When the dogs regained their 
appetites, the raw pancreas was eliminated from their diets and the 
amounts of Fractions AR and KAR specified above added to their evening 
meals. For the meaning of Fractions AR and KAR see the text. 


employed, which was prepared by subjecting Fraction AR to 20 
pounds of steam pressure in an autoclave for 30 minutes. The 
daily administration of Fraction KAR in amounts equal to 4 
times the dose found effective for Fraction AR failed to inhibit 
the development of fatty livers. These results show quite con- 
clusively that the anti-fatty liver substance in Fraction AR is com- 
pletely destroyed by heat. 
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DISCUSSION 


The present investigation shows that 36 mg. of choline per kilo 
per day or 300 mg. for an 8.4 kilo dog are sufficient to inhibit 
completely the deposition of abnormal amounts of lipids in the 
livers of depancreatized dogs maintained with insulin. This 
amount of choline was found effective in keeping the fatty acid 
contents of the liver at 3 to 4 per cent levels even when the period 
of observation was extended to 5 months. Although this may 
not be the smallest effective dose of choline, it is nevertheless 
definitely established here that a daily dose as small as 15 mg. per 
kilo per day will not prevent the accumulation of excessive 
amounts of fat in the liver. 

In earlier studies the feeding of 250 gm. of raw pancreas daily 
was adopted as a safe procedure for preventing fatty livers in de- 
pancreatized dogs (15). The same amount was employed here in 
the interval between the operation and the introduction of the 
administration of choline or pancreas fraction. This quantity of 
raw pancreas contains about 575 mg. of choline (17). It is now 
clear that, in the case of the ingestion of such quantities of raw 
pancreas, its choline content is sufficient to account for the ob- 
served lipotropic effect. Its choline content may also explain the 
preventive as well as curative action previously obtained with 250 
gm. of autoclaved pancreas (15). Choline is, in all probability, 
the heat-stable factor referred to elsewhere (15). 

The observation that the daily ingestion of 1 gm. of Fraction AR 
will completely prevent fatty livers in depancreatized dogs shows 
that the choline present in this pancreatic fraction is not its active 
agent. At most, 1 gm. of Fraction AR could contain 13 mg. of 
choline; as noted above, 100 mg. of choline did not keep the liver 
normal in its fat content (Table I). The destruction of the active 
principle in Fraction AR by heat, as shown by the experiments 
in which Fraction KAR was fed, also suggests that the choline 
present in Fraction AR is not involved. It should be stressed, 
however, that while the lipotropic action of 1 gm. of Fraction AR 


* This estimate is based on the choline content of whole raw pancreas 
(17). The actual choline content of Fraction AR is probably less than 13 
mg. per gm., for some of the choline is removed by the acetone-ether treat- 
ment used in its preparation. 
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cannot be ascribed to its choline content, the possibility has not 
been ruled out that additional amounts of choline are made ayail- 
able to the organism by the presence of Fraction AR in the 
gastrointestinal tract. 


Assistance in this investigation was furnished in part by the 
Works Progress Administration (Official Project No. 65-1-08-62, 
Unit A6). 


SUMMARY 


The lipotropic effects of choline and pancreas were compared 
in the completely depancreatized dog maintained with insulin, 

1. It is shown that 35 mg. of choline per kilo are sufficient for 
complete prevention of fatty livers. 

2. The daily feeding of a fraction derived from 5.5 gm. of raw 
pancreas completely inhibited the development of fatty livers even 
when fed for as long as 5 months. 

3. The choline content of the pancreas fraction did not account 
for its lipotropic effect. The possibility that choline is made avail- 
able to the organism by the presence of the fraction in the gastro- 
intestinal tract has not been ruled out. 

4. The anti-fatty liver factor of the pancreas is heat-labile. 
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CRYSTALLINE INSULIN OF LOW ZINC CONTENT 


By MELVILLE SAHYUN 


(From the Biochemical Research Laboratory, Frederick Stearns and Company, 
Detroit) 


(Received for publication, December 16, 1940) 


Cohn and coworkers (1) reported the istlation of a crystalline 
insulin containing 0.36 per cent zinc. This was interesting, since 
Seott (2) had previously reported that crystalline zine insulin 
contains 0.52 per cent zinc. Recently Maxwell and Feldkamp 
(3) confirmed the findings of Cohn and his coworkers. 

In June, 1936, I prepared a crystalline insulin, containing 
considerably less zinc than any reported in the literature, with- 
out the use of zine other than that present in the pancreas. It 
was crystallized directly from the first salt cake of a pancreatic 
extract by dissolving the crude insulin in 0.05 mM potassium acid 
phosphate and 10 per cent isopropyl alcohol with 1 N hydro- 
ehloric acid. The concentration of insulin was about 30 units 
per ce. The acidity was then adjusted to about pH 6.8 and the 
mixture was warmed to about 50°. A heavy precipitate formed 
was removed by filtration. The acidity of the clear filtrate was 
brought to about pH 6.5. Cooling was allowed to proceed very 
slowly overnight, whereupon crystals were formed. The filtrate 
was then placed in a refrigerator for several days. The crystals 
which were recovered were oval in shape and were termed egg- 
shaped crystals (Fig. 1). 

Recrystallization—5 gm. of the egg-shaped crystals were sus- 
pended in about 500 cc. of distilled water and 200 ec. of 0.5 mM 
potassium acid phosphate, pH 4.5. Dilute 1 N lactie acid was 
added, 1 cc. at a time, until the crystals were completely dis- 
solved. 200 ec. of isopropyl alcohol and enough distilled water 
were added to bring about a volume of 1900 ce. The mixture was 
thoroughly stirred and 1 N ammonium hydroxide was added, 
l ce. at a time, until pH 6.6 to 6.7 was reached. Filtered steam 
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was next passed into the mixture until the temperature of the 
liquid was approximately 50°. Insoluble matter that formed 
was removed by filtration through a clarifying Seitz pad. The 
filtrate, which was clear and almost colorless, was diluted to 
2000 ec., brought to pH 6.5 with 1 N lactic acid, stirred thoroughly, 
and allowed to cool at room temperature. In about an hour 
crystals developed. The mixture was allowed to stand overnight 
at room temperature. As the insulin crystallized, the mother 
liquor became more alkaline. The pH was accordingly adjusted 
to exactly 6.5 with 1 N lactic acid, with a glass electrode, and the 


; ¢, 





Fig. 1 Fic. 2 
Fig. 1. Egg-shaped insulin crystals. XX 222. 


Fig. 2. Reerystallized insulin of low zine content. 


suspension was placed in a refrigerator at 2-4°. After 2 days 
the crystals were recovered by centrifugation, washed twice with 
distilled water in the centrifuge bottle, and a third time with 
warm (45°) distilled water. After the third washing the crystals 
were suspended in a small quantity of distilled water and filtered 
through a small Buchner funnel, and then washed successively 
with 50 per cent, 70 per cent, and 95 per cent ethyl alcohol, 
finally with acetone, and then dried in a vacuum. ‘The yield 
was 3.086 gm. 

The erystals that were thus obtained were fairly uniform in size 
and belonged to the rhombohedral type as shown in Fig. 2. As 
it may be noted, the edges of the crystals are not very sharp. 
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This may be due to first, concentration and second, rapidity of 
crystallization. Subsequent experiments showed that insulin 
crystallized from a solution containing between 20 and 30 units 
per ec. yielded larger crystals with sharper edges, provided once 
crystallization started the liquid was undisturbed and allowed 
to cool very slowly. Slow cooling may be accomplished by 
immersing the flask or beaker in a larger container of warm 
water at about 35-40°. 

The following determinations were made. 

Melting Point—The method given in the United States Phar- 
macopoeia was followed for the determination of the melting 
point of the crystals. 


Tasie I 
Results of Determinations on Crystalline Insulin 














| Per cent | Averages Sees Per cent 
per cent 
Ash | 0.62 | 0.55 Zine 0.153 
| 0.68 | Cobalt 0.0001 
Zinc | 0.142 | 0.149 | Nickel 0.0004 
| 0.155 Cadmium 0.001 
Nitrogen | 15.4 15.5 
| 15.6 | 
Sulfur 2.96 2.96 
Moisture | 3.0 | 3.0 





Potency, 22 to 23 I.v. per mg. 


Ash—Ashing was performed in platinum crucibles by first 
charring the crystals over a free flame and then transferring the 
crucibles to an electric oven regulated to a maximum temperature 
of about 600°. 

Zinc—The zine determination was performed according to the 
method of Sahyun and Feldkamp (4). 

Nitrogen—Nitrogen was determined by the usual standard 
Kjeldah! method. 

Sulfur—Microdetermination of sulfur was carried out through 
the kindness of Dr. E. W. Schoeffel. 

Spectrographic Analysis—Spectrographic analyses for zinc, 
cobalt, nickel, and cadmium were kindly performed by the X-ray 
and Spectrography Department of The Dow Chemical Company. 
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Potency—The rabbit method of assay, according to the pro- 
cedure of Hershey and Lacey (5), was employed for the deter- 
mination of the potency of this preparation. 

A summary of the results is given in Table I. 


SUMMARY 


A crystalline insulin containing as little zinc as 0.15 per cent, 
cobalt 0.0001 per cent, nickel 0.0004 per cent, and cadmium 
0.001 per cent, and the method of its preparation are herein 
described. It assayed about 22 I.v. per mg. 
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THE MUCOPOLYSACCHARIDES OF SKIN* 
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Intracutaneous injection of some extracts of animal and bac- 
terial origin, together with a suitable indicator, causes the 
spreading or diffusion of the indicator over a wide area. This phe- 
nomenon, which has been called the “spreading” or “diffusion” 
reaction (1, 2), is of interest in the study of bacterial invasion and 
possibly in the problem of capillary permeability. It has been 
established recently that a close relationship exists between most 
“spreading’’ factors and an enzyme hydrolyzing the mucopoly- 
saccharide, hyaluronic acid (3, 4), found several years ago in our 
laboratory (5,6). It was shown by a number of investigators that, 
with a few notable exceptions, extracts containing “spreading” 
factors likewise contained the enzyme hyaluronidase. It was 
therefore desirable to establish the presence of the substrate of 
this enzyme in skin. 

The presence of a mucin-like material in the skin has been 
established previously both by chemical and histological methods.! 
Van Lier in 1909 (8) obtained a viscous “‘mucin” containing sul- 
furic acid from the skin of different animals. An apparently 
similar material was obtained by Claude, who further showed that 
it was hydrolyzed by leech extracts (9). Bensley (10) and Sylvén 
(11) demonstrated a mucin-like interfibrillar substance in skin by 
histological methods. 


*This work was supported by a grant from the John and Mary R. 
Markle Foundation. 

' In beef skin lactose was demonstrated by the orcinol method of Sgren- 
sen (7). It has been previously pointed out that this method fails to dis- 
tinguish between galactose and glucuronic acid. Glucuronic acid obviously 
was not included in the standards. 
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The work of van Lier and our own study on the mucopoly- 
saccharide of cornea (12) had led us to suspect a sulfuric acid- 
containing polysaccharide in skin similar to the cornea poly- 
saccharide, since these two tissues are closely related embryo- 
logically. Our first polysaccharide fractions from skin indeed 
contained sulfuric acid and the material was hydrolyzed as was 
the cornea polysaccharide by various hyaluronidases, though the 
rate of hydrolysis differed markedly from that of the cornea 
fraction. Furthermore, while the analytical data indicated 
equimolar concentrations of hexosamine, hexuronic acid, and 
acetyl, the figures for sulfur gave varying equivalents. It then 
became obvious that we were dealing with mixtures of different 
mucopolysaccharides, one sulfate-free and the other containing 
sulfate, but both composed of equimolar concentrations of hexos- 
amine, hexuronic acid, and acetyl. 

The separation of two fractions was made possible by two 
methods: (1) On complete hydrolysis of the mixture by pneumo- 
coccus enzyme, the sulfate-containing polysaccharide was left in 
solution. (2) On fractionation by alcohol in the presence of an 
excess of barium acetate, a sharp separation of the two poly- 
saccharides could be obtained. By chemical and enzymatic 
analysis the sulfate-free mucopolysaccharide could be shown to 
be identical with hyaluronic acid. From _ sulfate-containing 
fractions, chondrosamine was obtained as the only hexosamine 
present, thus indicating chondroitinsulfuric acid. However, the 
rotation of three preparations was considerably higher than that 
of chondroitinsulfuric acid prepared from cartilage (13) or um- 
bilical cord. In one preparation, however, the rotation was 
identical with that of chondroitinsulfuric acid. The most prob- 
able explanation of these findings seems to be that there exists in 
skin, beside chondroitinsulfuric acid, an as yet unknown isomer 
of this acid of higher specific rotation. 


EXPERIMENTAL 


The starting material was fresh pig skin. In the first experi- 
ments 50 per cent urea solution brought to pH 9 with sodium 
hydroxide was used as an extractant. By this method good 
preparations of the mixture of the carbohydrates were obtained, 
though the yield was small and the time necessary for the extrac- 
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tion was toolong. Extraction with alkali was therefore employed. 
The following example illustrates the procedure used. 

The inside of the skin was cleaned of fat as far as possible with a 
sharp knife, and the skin ground. 2.28 kilos were then incubated 
with 6 liters of normal sodium hydroxide at 37° for 28 hours, 
The almost completely liquefied material was neutralized with 50 
per cent acetic acid and filtered with the aid of Hyflo Super-cel. 
The solution was poured into 2 volumes of alcohol and centri- 
fuged after standing overnight. The precipitate was washed with 
alcohol, taken up in 500 cc. of 10 per cent calcium chloride made 
just alkaline to phenolphthalein, and shaken with 100 ce. of a 
mixture of 4 parts of chloroform and 1 part of amyl alcohol. The 
suspension was centrifuged, the aqueous supernatant solution 
again filtered through Filter Cel and poured into 2 volumes of 
alcohol, and the precipitate washed with alcohol and dissolved in 
200 cc. of water. 8 gm. of Lloyd’s reagent and sufficient glacial 
acetic acid to give a 6 per cent acetic acid solution (1 N) were 
added. The mixture was centrifuged, the residue washed once 
with normal acetic acid, and the combined solutions poured into 
2 volumes of alcohol. The precipitate was washed with alcohol 
and ether and dried. The residue was dissolved in 100 ce. of 1 
per cent sodium acetate solution, brought to a pH of about 6 with 
normal acetic acid, and incubated for about 6 hours with 2 cc. of 
filtered saliva in the presence of toluene, in order to digest glyco- 
gen, still present at this stage. The solution was again poured 
into 2 volumes of alcohol, and the precipitate washed with alcohol 
and extracted with 100 cc. of barium acetate solution. Alcohol 
was added to the extract to give a 20 per cent concentration. The 
precipitate formed after standing in the cold overnight was re- 
moved by centrifuging. This precipitate was the sulfuric acid- 
containing fraction. It was washed, extracted with small por- 
tions of water, and poured into 5 volumes of glacial acetic acid. 
The precipitate was removed immediately, washed with alcohol, 
acetone, and ether, and dried; yield 1.85 gm. 

The clear, supernatant 20 per cent alcohol solution contained 
hyaluronic acid, which was precipitated by bringing the aleohol 
concentration to 77 per cent. The stringy precipitate was re- 
moved by centrifuging, washed with alcohol, and extracted with 
small portions df water. The combined solutions were poured 
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into 5 volumes of glacial acetic acid. The precipitate was removed 
immediately, washed, and dried; yield 1.08 gm. In some prepara- 
tions the hyaluronic acid fraction was further purified by zine 
acetate precipitation followed by a second precipitation from acetic 
acid as described formerly (14). 

In the purification of the sulfuric acid fraction, digestion with 
pneumococcus hyaluronidase was used in all preparations, in order 
to remove possible traces of hyaluronic acid. The digestion was 
ordinarily carried out directly after the precipitation as the barium 
salt. For this purpose the precipitate was dried in vacuo to remove 
alcohol and dissolved in water. The pH was adjusted to 5.8, 5 
mg. of enzyme were added, and the mixture incubated in the 
presence of toluene for 2 days. The enzyme was removed by 
adsorption on Lloyd’s reagent in normal acetic acid, and the 














TaBie | 
Analysis of Hyaluronic Acid Fractions 
: lap i Equivalents per equivatans 
= Nitro- | Hexos- | Uronic ae) > ™ ~— 
rat : A Acetyl | alent | neutral 
amin id ; 
ak Lani ws es weight | solution | Nitro- | Hexos-| Uronic Acsty! 
gen | amine| acid 

per cent|per cent) per cent per cent degrees 

2.99 | 39.7 | 41.9 | 18.1 | 475 | —74.9 | 1.02 | 1.05 | 1.03 | 1. 
II | 2.78 | 37.2 | 42.0 | 9.50) 455 | —67.5 | 0.91 | 0.95 | 0.98 | 1.01 
































polysaccharide precipitated first from alcohol and then from 5 
volumes of glacial acetic acid. In each case the finished product 
was retested for hyaluronic acid by the pneumococcus enzyme by 
our routine procedure with a 1 per cent solution (6). The hy- 
drolysis was negative in all samples. 

In Table I the analytical data of two hyaluronic acid prepara- 
tions from skin are given. The analytical figures and the rotation 
are typical for hyaluronic acid. 

In Fig. 1 the hydrolysis of hyaluronic acid from skin and from 
umbilical cord is compared. It is obvious from the figure that the 
kinetics of the hydrolysis are identical in both polysaccharides. 

In Table II the analytical data of the sulfuric acid fractions are 
summarized. It can be seen from Table II that the substance is 
composed of equimolar amounts of hexosamine, hexuronic acid, 
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Fie. 1. 1 per cent solutions of hyaluronic acid prepared from umbilical 
cord and the sulfur-free polysaccharide prepared from skin were incubated 
with varying amounts of pneumococcus enzyme at 37°, pH 5.8, in the pres- 
ence of toluene. Reducing values were determined by the ceric sulfate 
method, and the per cent hydrolysis calculated from the glucose equiva- 
lents of glucuronic acid and acetylglucosamine, calculated from glucosa- 









































mine, determined by analysis. 
Taste II 
Analysis of Sulfur-Containing Fractions 
Pra y me Equivalents per equivalent 
ar | Nitro-|Hexos-| U72- Sul- gs in 
; ic jAcetyl ° = | neutral 
tion | gen jamine) . oid fur* | $° oan : Usen- 
No. 33 len. Nitro- Hexos- ie Acetyl J 
g gen jamine) . oid 
Gent | cont | cent | cont | cont degrees 
I | 2.24) 27.0) 32.5) 8.33) 5.98) 547 |—53.9) 0.88) 0.85) 0.91) 1.06) 1.02 
II | 2.15) 27.3) 32.5) 6.10] 5.12) 668 |—28.4/ 1.03) 1.02) 1.12) 0.95) 1.10 
III | 2.19) 30.5) 32.5) 8.95) 5.22) 525 |—57.9) 0.82) 0.89) 0.88) 1.09) 0.86 
IV | 2.05) 25.1) 30.3) 7.84) 5.07) 620 |—55.1) 0.91/ 0.87) 0.96 1.13) 0.98 
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acetyl, and sulfuric acid. It seems remarkable that the rotation 
of three preparations varied between —54° and —58°, while 
Preparation II had a rotation of —28.4°. Chondroitinsulfurie 
acid prepared from umbilical cord by exactly the same method 
as that used in skin gave an [a], of —16.4°. All rotations were 
determined on the weighed samples neutralized with the caleu- 
lated amount of sodium hydroxide. All samples gave a strong 
uronic acid reaction with naphthoresorcinol. 

The hexosamine was isolated from a mixture of Preparations II 
and III of Table II (430 mg. of Preparation II, 317 mg. of Prepa- 
ration III), according to the method published previously (14), 
85 mg. of a hexosamine hydrochloride were obtained. This was 

















Tasie III 
Analysis of Crystalline Hexosamine Hydrochloride 
[alp 
N 
(Dumas) *| cl 
| Initial | Final 
per cent per cent degrees degrees 
Found.. ..| 6.28 | 16.8 | +72.6 | 494.2 
Chondrosamine HCl, 
theoretical. ... : 6.49 | 16.4 +95 (Levene (15)) 








* We thank Mr. Henry 8. Bloch for the microdeterminations. 


recrystallized once. The results presented in Table III show that 
the substance was chondrosamine hydrochloride. 

The hexosamine was also isolated from a fraction with a high 
rotation (Preparation IV). From 0.984 gm., 88.5 mg. were 
isolated in a first fraction, which, however, contained inorganic 
material. The N found was 5.70 per cent, [a], at equilibrium 
+87.0°. Corrected for the ash, the [a], becomes +98.0°. The 
mutarotation was upward. The second fraction was 37.5 mg. 
The N found was 6.22 per cent, Cl 16.2 per cent, [a], at equilibrium 
+93.6° (mutarotation upward). Thus this fraction was likewise 
chondrosamine hydrochloride. A third fraction was obtained on 
prolonged standing at 0°, weighing 13 mg. The N (Kjeldahl) was 
6.0 per cent (the Kjeldahl values on hexosamine are always too 
low), Cl 16.0 per cent, [a], at equilibrium +94.3° (mutaro- 
tation upward). Thus this fraction likewise contained only 
chondrosamine. 
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It has to be stressed that from mixtures of chondrosamine and 
glucosamine hydrochlorides, the latter is always obtained first on 
account of its greater insolubility. The rotation of the hexosamine 
isolated from mixtures of chondroitin- and mucoitinsulfuric acids 
therefore is lower in the first fractions than that of pure chondros- 
amine (14). 

In contrast to the pneumococcus enzyme preparations, enzyme 
prepared from bovine testis slowly attacked the sulfuric acid 
fraction of skin with simultaneous liberation of sulfate. The rate 
of hydrolysis of Preparation IV was much slower than that of a 
preparation of the barium salt of chondroitinsulfuric acid from 


cartilage. 
DISCUSSION 


The presence of hyaluronic acid in skin has been established, 
thus furnishing a further argument in favor of the identity of the 
“spreading’’ factor and hyaluronidase. Furthermore, since the 
enzyme hyaluronidase has been demonstrated in skin in rather 
high concentration (16), we have concluded that the skin in 
analogy with other enzyme substrate systems is probably an 
organ of great activity in hyaluronic acid metabolism. 

The nature of the sulfuric acid fraction is at the present time 
stilluncertain. Until recently only three hexosamine- and sulfuric 
acid-containing systems have been known, two containing glucos- 
amine, namely mucoitinsulfuric acid and heparin, and one contain- 
ing chondrosamine, namely chondroitinsulfuric acid. However, 
proof was furnished by this laboratory that at least two groups of 
mucoitinsulfuric acids could be distinguished, one isolated from 
cornea and one from gastric mucosa (12). Both evidently were 
dissimilar in composition and enzymatic hydrolysis to heparin. 
The cornea polysaccharide is the monosulfuric acid ester of 
hyaluronic acid, whereas the gastric mucoitinsulfuric acid is still 
unknown in its composition, except that it contains glucosamine, 
acetyl, uronic acid, and sulfuric acid in equimolar concentrations. 
It further occurs partly as a disulfuric acid (17). 

A search in the literature for differences in properties of chon- 
droitinsulfuric acid from different sources and species proved 
unsuccessful. No rotations have been reported for chondroitin- 
sulfuric acid prepared from the following sources: bovine cartilage, 











498 Mucopolysaccharides of Skin 


tendons, aorta, and sclera (15), nasal septum of pigs, cartilage of 
shark and ray (18), nasal septum of whale (19). The only rotation 
of chondroitinsulfuric acid in the literature is that given by 
Jorpes (20) who found an [a], of —17.4°. This rotation is obvi- 
ously that of the acid salt. It is identical with the values of the 
acid salt previously reported from our laboratory (—17.4°, —17.6°, 
—15.9°)? (13). The source of Jorpes’ as well as of our material 
was bovine tracheal cartilage. The difference found between the 
rotation of this chondroitinsulfuric acid (—30°) and that found 
in the skin polysaccharide (— 56°) does not seem to be explained 
by partial hydrolysis of the latter, since hydrolysis of chondroitin- 
sulfuric acid leads to dextrorotation. Furthermore the rotation 
of a sample of chondroitinsulfuric acid prepared from human 
umbilical cord by exactly the method used in the pig skin material 
gave a polysaccharide with [a], of —16.4°. It also does not seem 
probable that an impurity causes the high rotation. After repre- 
cipitation from alcohol and acetic acid, the rotation remained 
unchanged. A sample analyzed electrophoretically did not show a 
foreign component. It migrated as a broad boundary in 0.025 u 
barbiturate buffer at pH 7.6 with an average mobility of about 
—14 X 10° em.? volt see.-! (Dr. D. H. Moore). 

At the present time it cannot be decided whether species or 
organ differences exist between chondroitinsulfuric acids of 
different origin or whether we are always dealing with isomeric 
mixtures, occurring in different ratios. In another mucopoly- 
saccharide, hyaluronic acid, no essential difference was found in 
samples prepared from vitreous humor of cow or pig (21), or from 
a human tumor (22) or bovine synovial fluid (23). However, in 
heparin a remarkable difference in activity was recently found in 
the crystalline barium salts prepared from different species (24). 
Obviously chemical differences must correspond to these physio- 
logical differences. From the analytical data it previously 
appeared doubtful whether heparin was a pure and single 
substance (17). 

SUMMARY 


A mucopolysaccharide mixture was obtained from pig skin. 
This mixture was separated by enzymatic hydrolysis and by 


* The [a]» on neutralization changes to a value of —30°. This is prob- 
ably due to the opening of the lactone ring of the glucuronic acid part of 
the molecule. 
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fractionation with alcohol in the presence of barium into two 
components. One was shown to be identical with hyaluronic 
acid by analysis and enzymatic hydrolysis. The occurrence of 
hyaluronic acid in skin is taken as an additional indication for the 
identity of the “spreading” factor and hyaluronidase. The 
second component contained hexosamine, acetyl, a uronic acid, 
and sulfuric acid in equimolar ratios. The hexosamine proved by 
rotation to be chondrosamine. The rotation of three out of four 
samples, however, was considerably higher than that of chon- 
droitinsulfuric acid prepared from beef cartilage. 


BIBLIOGRAPHY 


. Hoffman, D. C., and Duran-Reynals, F., J. Exp. Med., 68, 387 (1931). 

McClean, D., J. Path. and Bact., 33, 1045 (1930). 

. Chain, E., and Duthie, E. 8., Nature, 144, 977 (1939). 

. Meyer, K., Hobby, G. L., Chaffee, B., and Dawson, M. H., Proc. Soc. 

Exp. Biol. and Med., 44, 294 (1940). 
Meyer, K., Dubos, R., and Smyth, E. M., J. Biol. Chem., 118, 71 (1937). 
Meyer, K., Hobby, G. L., Chaffee, E., and Dawson, M. H., J. Ezp. 
Med., 71, 137 (1940). 

7. Grassmann, W., and Schleich, H., Biochem. Z., 277, 320 (1935). Grass- 
mann, W., Janicki, J., Klenk, L., and Schneider, F., Biochem. Z., 294, 
95 (1937). 

8. van Lier, E. H. B., Z. physiol. Chem., 61, 177 (1909). 

9. Claude, A., Proc. Soc. Exp. Biol. and Med., 43, 684 (1940). 

10. Bensley, S. H., Anat. Rec., 60, 93 (1934). 

ll. Sylvén, B., Virchows Arch. path. Anat., 303, 280 (1938). 

12. Meyer, K., and Chaffee, E., Proc. Soc. Exp. Biol. and Med., 43, 487 
(1940); Am. J. Ophth., 23, 1320 (1940). 

13. Meyer, K., and Smyth, E. M., J. Biol. Chem., 119, 507 (1937). 

14. Meyer, K., and Palmer, J. W., J. Biol. Chem., 114, 689 (1936). 

15. Levene, P. A., Hexosamines and mucoproteins, Monographs on bio- 
chemistry, London and New York (1925). 

16. Meyer, K., Chaffee, E., Hobby, G. L., and Dawson, M. H., J. Ezp. 
Med., 78, 309 (1941). 

17. Meyer, K., in Cold Spring Harbor symposia on quantitative biology, 
Cold Spring Harbor, 6 (1938). 

18. Firth, O., and Bruno, T., Biochem. Z., 294, 153 (1937). 

19. Miyazaki, T., J. Biochem., Japan, 20, 223 (1934). 

2. Jorpes, E., Biochem. Z., 204, 354 (1929). 

21. Meyer, K., Smyth, E. M., and Gallardo, E., Am. J. Ophth., 21, 1083 
(1938). 

22. Meyer, K., and Chaffee, E., J. Biol. Chem., 183, 83 (1940). 

2%. Meyer, K., Smyth, E. M., and Dawson, M. H., J. Biol. Chem., 128, 
319 (1939). 

24. Jaques, L. B., Science, 92, 489 (1940). 


- @Pnwe 


ro 











THE EFFECT OF 2,3,5-TRIIODOBENZOATE AND MONO- 
IODOACETATE ON THE OXIDATION OF CERTAIN 
SUBSTANCES BY RAT BRAIN 


By FREDERICK BERNHEIM anp MARY L. C. BERNHEIM 


(From the Departments of Physiology and Pharmacology and Biochemistry, 
Duke University School of Medicine, Durham, North Carolina) 


(Received for publication, December 19, 1940) 


Monoiodoacetate has been shown to be an inhibitor of a num- 
ber of reactions in mammalian tissues and in yeast. Recently 
Barker, Shorr, and Malam (1) showed that in brain it inhibited 
glycolysis in concentrations which had no effect on the oxidation 
of glucose. Peters, Rydin, and Thompson (2) found that iodo- 
acetate caused an accumulation of pyruvic acid in pigeon brain. 
It is the purpose of this paper to present in more detail the effect 
of monoiodoacetate on the oxidation by ‘brain of glucose and 
lactic and pyruvic acids and to compare its effects with those of 
2,3,5-triiodobenzoate, an organic iodine compound about which 
nothing has been reported. 


EXPERIMENTAL 


Four rat brains were chopped with scissors, ground in a mortar, 
and squeezed through muslin. The resulting suspension was then 
washed three times with 50 cc. of m/30 phosphate buffer, pH 7.8, 
and finally made up to 25 cc. with 0.05 m buffer. 1 cc. of the sus- 
pension was used in each Warburg vessel. The oxygen uptake 
of this suspension is 10 per cent or less of the original. Because 
very little work has been done with washed brain tissue, the rate 
and extent of the oxygen uptake of glucose and pyruvic acid were 
compared when these substances were added to the original 
suspension and to the equivalent amount of material washed 
three times. Fig. 1 shows that washing increases the rate of 
oxidation of glucose and pyruvate. The same is true for lactate. 
Washing with water instead of phosphate results in an inactive 
preparation. 
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Fig. 2 shows the concentration curves for the three substrates, 
Pyruvate gives proportional oxygen uptakes from 0.2 to 2.0 mg, 
The oxygen uptake of the lactate increases throughout the same 
range but the proportionality is lost above 0.4 mg. With glucose 
the proportionality is also lost above 0.4 mg. but there is no fur- 
ther increase in oxygen uptake with increasing amounts. The 
oxygen uptake of glucose corresponds to 10 atoms, of pyruvate, 
2 atoms, and of lactate, 2 to 2.5 atoms of oxygen per molecule, 
The respective respiratory quotients are 1.0, 1.0, and 0.8. 
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Fie. 1 Fig. 2 


Fig. 1. The oxidation of 0.5 mg. of pyruvate and 0.25 mg. of glucose by 
equal amounts of washed and unwashed rat brain suspension at pH 7.8, 
37°. The uptake of the controls has been subtracted from the uptake of 
the brain with substrate. 

Fie. 2. The oxidation of different amounts of glucose, pyruvate, and 
lactate by washed brain suspension at pH 7.8, 37°. 


The relative rates of oxygen uptake with equimolar concen- 
trations of the three substrates vary with the hydrogen ion con- 
centration. This is shown in Fig.3. At pH 7.8 the rate for pyru- 
vate is greater than that for lactate and glucose. At pH 6.7 the 
rate for pyruvate and lactate is approximately the same but is 
slower for glucose. 

The monoiodoacetic acid was recrystallized from petroleum 
ether, and the 2,3 ,5-triiodobenzoic acid from glacial acetic acid. 
At a concentration of 2.7 X 10-* m the former causes complete 
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inhibition of the oxidation of glucose, and 0.5 X 10~* M causes a 
32 per cent inhibition. This concentration is 1.5 times greater 
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Fic. 3. The oxidation of 1.0 mg. of pyruvate, 2.2 mg. of glucose, and 
1.0 mg. of lactate by washed brain suspension at pH 7.8 and 6.7, 37°. 
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Fic. 4 Fie. 5 
Fic. 4. The effect of different concentrations of monoiodoacetate (2.7 < 
10“ to 3.2 X 10-* m) on the oxidation of 2.0 mg. of pyruvate by washed 
brain suspension at pH 7.8, 37°. 
Fie. 5. The effect of 1.0 mg. (1.0 K 10-* m) of 2,3,5-triiodobenzoate on 
the oxidation of 1.0 mg. of pyruvate, 1.0 mg. of lactate, and 2.2 mg. of 
glucose by washed brain suspension at pH 7.8, 37°. 


than that necessary to inhibit glycolysis completely (1). The 
effect of monoiodoacetate on pyruvate oxidation is shown in 
Fig. 4. Depending on the concentration, inhibition occurs from 
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15 to 90 minutes after the addition of the drug. This is true 
whether it is added with the pyruvate or 15 to 90 minutes before 
it. In other words, monoiodoacetate causes a gradual inactiva- 
tion of the pyruvate enzyme in contrast to its immediate action 
on the glucose system. On the lactate oxidation its action js 
similar to that on pyruvate presumably because some lactate is 
oxidized to pyruvate. 

On the other hand triiodobenzoate causes an immediate inhibi- 
tion of all three oxidations. This is shown in Fig. 5. A concen- 
tration of 1.0 X 10-* m causes an 80 to 90 per cent inhibition. 
The inhibition decreases with decreasing concentrations of the 
drug and disappears at 3.0 X 10-* M. 

The inhibition by the drugs on the oxidation of the three sub- 
strates is not affected by a change of pH from 7.8 to 6.7 nor by the 
addition of thiamine or fumarate. The concentration of substrate 
is also without effect. 

DISCUSSION 


Triiodobenzoate has very little effect on the oxygen uptake of 
liver and kidney. It inhibits the oxygen uptake of unwashed 
brain suspension 45 to 55 per cent. In the brain it inhibits the 
systems that are also inhibited by monoiodoacetate. The latter 
is much more effective in inhibiting the oxidation of glucose. The 
reverse is true for the oxidation of lactate and pyruvate. Neither 
compound in the concentrations used has any effect on the oxida- 
tion of succinate which, according to Quastel (3), is the only other 
substrate adequately oxidized by brain in vitro. 3 ,5-Diiodo-2-hy- 
droxybenzoate acts as triiodobenzoate does. On the other hand, 
3 ,5-diiodo-4-hydroxybenzoate in the same concentration has no 
effect on the pyruvate oxidation and only a slight effect on the 
glucose and lactate oxidation. 


SUMMARY 


1. The washing of brain suspensions with phosphate buffer 
until the residual oxygen uptake is 10 per cent or less of the 
original increases the rate of oxidation of added pyruvate, lactate, 
and glucose. Concentration curves for the three substrates are 


given. 
2. 2.7 X 10-* m monoiodoacetate immediately and completely 
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inhibits the oxidation of glucose. The oxidation of pyruvate and 
lactate is inhibited by this concentration only after a 90 minute 
incubation. Higher concentrations require a shorter incubation 
period. 

3.1.0 X 10 m 2,3,5-triiodobenzoate immediately inhibits 
the oxidation of the three substrates. The inhibition is 80 to 
90 per cent, decreases with decreasing concentrations, and is 
absent at 3.0 K 10-* Mm. 
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Benzoic acid has been reported to inhibit the oxidation of suc- 
cinic acid by muscle (1), the oxidation of butyric acid and crotonic 
acid by liver slices (2), and the oxidation of acetoacetic acid by 
kidney slices (3). It has also been reported to inhibit the oxygen 
uptake of liver and kidney slices, diaphragm, minced liver, kidney, 
and brain (4). 

In the present work it was found that benzoic acid had a slight 
inhibitory effect on the oxygen uptake of broken cell preparations 
of rat liver and kidney. It had no effect on the oxidation of suc- 
cinic acid, lactic acid, hypoxanthine, xanthine, uric acid, choline, 
tyramine, /(—)-tyrosine, 1(—)-proline, 1(—)-phenylalanine, sar- 
cosine, or ethyl alcohol by the liver preparation. The oxidation 
of d-amino acids by various preparations of the d-amino acid 
oxidase was markedly inhibited by benzoic acid. 


EXPERIMENTAL 


Effect of Benzoic Acid on Oxidation of d-Amino Acids—The 
oxidation of d-amino acids by rat liver and kidney slices and by 
the preparations of the d-amino acid oxidase described below and 
the effect of benzoic acid on the oxidation were tested by measur- 
ing oxygen uptakes manometrically. The measurements were 
made with the usual Warburg apparatus at 37.5°. 

The extra oxygen uptake of liver slices in the presence of 0.0075 
M d(—)-alanine was 30 microliters per 30 minutes per 100 mg. of 
wet tissue. This extra oxygen uptake was completely inhibited 
by 0.001 m benzoic acid. The presence of glycine did not affect 
the inhibitory effect of benzoic acid. The benzoic acid did not 
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inhibit the oxygen uptake of the liver slices in the absence of the 
amino acid. The extra oxygen uptake of kidney slices in the 
presence of 0.0075 m d(—)-alanine was 53 microliters per 30 
minutes per 100 mg. of wet tissue. 0.001 m benzoic acid inhibited 
the rate 50 per cent. The oxygen uptake of the kidney slices in 
the absence of the substrate was inhibited 6 per cent by benzoic 
acid. 

The oxidation of 1 mg. of d(—)-alanine, d(+)-phenylalanine, 
and the d isomer of dl-proline by broken cell preparations (5) of 
rat liver and kidney and the washed proteins (6) of rat liver was 
completely inhibited by 0.01 m benzoic acid at pH 7.0, 7.5, and 
8.0. With 0.001 m benzoic acid the rate of oxidation of these 
amino acids was inhibited about 90 per cent. In most cases the 
oxygen uptake of the broken cell preparations alone was inhibited 
about 10 per cent at pH 6.6 and 5 per cent at pH 8.1. The inhi- 
bition usually decreased as the pH approached 7.4, and then 
increased up to pH 8.1. In a few experiments the inhibition was 
negligible at pH 6.6 to 8.1. 

Benzoic acid inhibited the activity of two purified preparations 
of the d-amino acid oxidase. One preparation was made by ex- 
tracting 1 gm. of dry pig kidney (7) with 10 ml. of water, and then 
centrifuging. 1 ml. of the supernatant liquid plus 1 ml. of 0.1 
pyrophosphate buffer, pH 8.3, was used to oxidize the amino 
acids. The other preparation was a reconstructed oxidase com- 
posed of 3 to 6 mg. of a preparation of the protein fraction of the 
oxidase plus 2.4 to 4.8 y of flavin-adenine dinucleotide. The 
protein preparation was made from the dry pig kidney and the 
flavin from yeast (7). Neither preparation of the oxidase could 
oxidize l-amino acids. 

Data illustrating the effect of benzoic acid on the oxidation of 
d-amino acids by the reconstructed oxidase are given in Fig. 1. 
The data show that 10~ m benzoic acid inhibits the activity 79, 
52, and 50 per cent in the case of alanine, methionine, and proline 
respectively. The extent of inhibition is calculated from the 
oxygen uptakes at 10 minutes. In addition, the rate of oxidation 
of 1 mg. of d(+)-phenylalanine, d(+)-leucine, and d(+)-tyrosine 
was found to be inhibited 57, 28, and 64 per cent by 10 m 
benzoic acid. The data for methionine in Fig. 1 show that the 
extent of oxidation was not affected by benzoic acid. This was 
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also true in the case of the other amino acids when the experiments 
were of longer duration. Similar data were obtained with the 
kidney extract. The benzoic acid also inhibits the rate of reduc- 
tion of methylene blue by mixtures of the oxidase preparations 
and amino acids. 

It can be shown from the data in Fig. 1 that the oxidation of 
the amino acids in the presence and absence of benzoic acid is a 
first order reaction; ¢.e., a straight line is obtained when the loga- 
rithm of the concentration of unoxidized amino acid is plotted as 
a function of time. This indicates that the enzyme is not pro- 
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Fig. 1. Effect of benzoic acid on the activity of a reconstructed d-amino 
acid oxidase. The continuous lines represent oxidation of amino acids in 
the absence of benzoic acid; broken lines, oxidation in the presence of 10~* m 
benzoic acid. The oxidase consisted of 3 ml. of the protein preparation 
and 2.4 y of flavin-adenine dinucleotide in 2 ml. of 0.05 m pyrophosphate 
buffer, pH 8.3. Curves 1, 0.0038 m dl-proline; Curves 2, 0.0056 m dl-alanine; 
Curves 3, 0.0034 m dl-methionine. 


gressively inhibited by benzoic acid. This is also indicated by 
the fact that incubation of the enzyme and benzoic acid for 30 
minutes before the addition of the amino acid does not affect the 
extent of inhibition. 

A comparison of the effect of benzoic acid and that of other 
active acids is given in Table I. Under the same conditions iso- 
phthalic, hippuric, nicotinic, quinoline-6-carboxylic, and pyra- 
tinecarboxylic acids were slightly active (0.08 or less), while 
paminobenzoic, phthalic, phenylacetic, picolinic, quinolinic, 
dinicotinic, 6-hydroxynicotinic, pyrimidine-4-carboxylic, acetic, 
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iodoacetic, stearic, and malonic acids, and benzamide, aniline, 
phenol, toluene, benzene, nicotinamide, trigonelline, pyridine, and 
glycine were inactive. These data show that compounds con- 
taining the benzene ring are more effective than those containing 
other rings, that the carboxyl group is necessary for inhibition, 
and that further substitution in the ring, or between the ring and 
the carboxyl group, depresses the effectiveness of the compound. 

The following observations indicate that the inhibition pro- 
duced by benzoic acid is reversible. (a) The inhibitory effect 
disappeared after dialysis. (6) Preparations of the protein 


TaBLe | 


Comparison of Inhibitory Effect of Benzoic Acid on d-Amino Acid Oxidase 
with Effect of Other Compounds 

The activity of the kidney extract was tested in the presence of 2 mg. of 
dl-alanine. The decrease in activity produced by each substance was 
calculated from the oxygen uptakes at 10 minutes. The measure of in- 
hibition given in the table is the ratio of the decrease in activity produced 
by the substance in 10~‘ m concentration to that produced by 10~ m benzoic 
acid. This concentration of benzoic acid decreased the activity 60 per cent. 
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component of the oxidase made from kidney extract to which 
benzoic acid was added had the same activity as preparations 
made from untreated extracts. (c) The protein component can 
be recovered without loss of activity from solutions’ containing 
benzoic acid by treatment (7) with acid and ammonium sulfate. 
(d) Flavin-dinucleotide precipitated as the silver salt (7) from 
solutions containing benzoic acid had the same activity, after 
regeneration with hydrogen sulfide, as that precipitated from pure 
aqueous solution. 

Assuming the formation of a reversibly dissociating substrate- 
enzyme complex and inhibitor-enzyme complex as suggested by 
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Michaelis and Menten (8), the relation between the concentra- 
tions of the components of an oxidase solution containing amino 
acid and benzoic acid would be 





(Amino acid) (benzoic acid-oxidase) | 
(1) (Benzoic acid) (amino acid-oxidase)  Ricmetbens 


The parentheses indicate concentration and K the dissociation 
constants of the complexes. 


Taste II 

Calculation of Kamino acia/Kbensoic acia from Equation I 
The reconstructed oxidase was used in Experiments 1, 2,3, and4. 3 mg. 
of protein preparation plus 2.4 y of flavin-dinucleotide were used in Experi- 
ments 1 and 4, 3 mg. of protein plus 4.8 y of flavin in Experiment 3, and 6 
mg. of protein plus 2.4 y of flavin in Experiment 2. The kidney extract 
was used in the other experiments. The oxygen uptakes given in Experi- 

ments 2, 3, and 4 are for 7.5 minutes; the others for 10 minutes. 





Oxygen uptake 
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ment No. | 4/)-alanine benzoic acid | Vithout | With | inhibition | bensoie acid 

| | acid | acid 
w | M microliters | microliters | microliters 

1 | 0.0028 | 0.0001 24 5 19 106 
2 | 0.0056 | 0.0001 72 24 48 112 
3 | 0.0056 | 0.0001 48 16 32 112 
4 | 0.0056 | 0.0001 44 14 30 120 
5 | 0.0560 | 0.0001 45 36 9 140 
6 | 6.0280 | 0.0001 35 24 11 128 
7 0.0056 | 0.0001 20 Bsot «@2 84 
8 0.0028 | 0.00001 21 14 | 7 140 
9 | 0.0028 | 0.0001 21 5 16 90 
10 =| 0.0028 | 0.001 21 0.5 | 20.5 115 
eee seme We ee ‘ 115 








In Table II are given data which permit the calculation of the 
ratio indicated in Equation I and the values of the ratio obtained. 
The rate of oxygen uptake in the absence of benzoic acid was taken 
as a measure of the concentration of total oxidase. The rate in 
the presence of benzoic acid was taken as a measure of (amino 
acid-oxidase). The difference between these rates was used as a 
measure of (benzoic acid-oxidase). It was assumed that the con- 
centration of bound amino acid and benzoic acid was small com- 
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pared to the total concentrations, and that the concentration of 
amino acid was the same in the absence and presence of benzoic 
acid. For convenience the initial concentration of d-amino acid 
was used. 

Considering the variety of experimental conditigns under which 
the data were obtained, the values for the ratio are in good agree- 
ment. Although the agreement cannot be considered as definite 
proof of the formation of a benzoic acid-oxidase complex, it does 
make plausible the assumption that the inhibitory effect is due to 
the formation of such a complex. 

The light absorption of solutions of the reconstructed oxidase 
and of flavin-dinucleotide at wave-lengths of 350 to 500 my was 
not affected by the presence of 10-* m benzoic acid. This suggests 
that benzoic acid does not combine with the flavin or protein 
component of the oxidase. 


SUMMARY 


1. The activity of the d-amino acid oxidase was decreased by 
benzoic acid; e.g., the rate of oxidation of 1 mg. of d(—)-alanine 
by preparations of the oxidase was decreased about 60 per cent by 
10-* m benzoic acid. 

2. Data were obtained which suggest that the inhibitory effect 
of benzoic acid may be due to the formation of a benzoic acid- 
oxidase complex. 


Part of the expenses of this study was defrayed by a grant from 
the Research Council of Duke University. 
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STUDIES ON THE HEMORRHAGIC SWEET CLOVER 
DISEASE 


V. IDENTIFICATION AND SYNTHESIS OF THE HEMORRHAGIC 
AGENT* 


By MARK ARNOLD STAHMANN, CHARLES FERDINAND 
HUEBNER, anp KARL PAUL LINK 


(From the Department of Biochemistry, Wisconsin Agricultural Experiment 
Station, University of Wisconsin, Madison) 


(Received for publication, November 29, 1940) 


In this communication it is shown through degradation reac- 
tions which lead to the chemical synthesis that the hemorrhagic 
agent, CisSH»O>s, m.p. 288-289°, isolated by our colleague, Dr. 
H. A. Campbell, from spoiled sweet clover hay is 3 ,3’-methylene- 
bis(4-hydroxycoumarin), formula (1). Before it was necessary 
for Dr. Campbell to withdraw from the work due to a change in 
post, it was concluded that the hemorrhagic agent was not identical 
with any of the 60 or more naturally occurring coumarins pre- 
viously reported, and that the literature did not contain an account 
of a substance melting in the range 280-290° whose chemical 
properties and analysis could be reconciled with those exhibited 
by the pure hemorrhagic agent (1, 2). 

From a careful study of the chemical and physical properties 
of the crystalline hemorrhagic agent, it became possible to develop 
a materially shortened extraction procedure! which enabled us to 
accumulate, by repeated mass isolations in the relatively short 


* Published with the approval of the Director of the Wisconsin Agri- 
cultural Experiment Station. Cooperative studies with the Division of 
Forage Crops and Diseases, United States Department of Agriculture, 
Washington, through Dr. E. A. Hollowell. Personnel and supply assistance 
since July 1, 1938, in part through the Natural Science Research Project 
No. 65-1-53-2349 of the Federal Works Progress Administration (Madison). 

' Inoculation of the atmosphere in the laboratory and the vessels used 
in the extraction work with the crystals of the hemorrhagic agent probably 
facilitated the crystallization (3). d 
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period of 4 months, a large stock of the pure substance (1800 mg.). 
Work on the elucidation of the structure of this unique substance 
was then undertaken. 

The acidic nature of the hemorrhagic agent has been pointed 
out previously (1, 2). The red color produced with ferric 
chloride in cyclohexanone, the stability of the dimethyl ether, 
Ci9Hio0,(OCHs)2, toward alkali, and the formation of a diacetate, 
CisHi00e(OCCHs)2, melting point 250-252° with decomposition, 
suggested that the acidity was due to two enol structures, rather 
than to free carboxyl groups. The ease with which the compound 
dissolves in alkali and the nature of the electrometric titration 
curve (pK 7.2) indicated that the acidity was not due to phenolic 
hydroxyls or lactone structures. The test for methoxyl and 
ethoxyl groups was negative. The presence of carbonyl groups 
was shown by reactions with phenylhydrazine and hydroxylamine. 

Insight into the final structure emerged from the degradation 
experiments that follow. Consideration will be restricted to the 
crucial reactions having a direct bearing on the structural diagnosis. 

Fusion with potassium hydroxide revealed that 14 of the 19 
carbon atoms could be recovered as salicylic acid, C7H¢O; (III). 
The yield of salicylic acid proved to be quantitative in view of 
the final structure deduced for the parent substance (7.3 mg. of 
the hemorrhagic agent gave 6.1 mg. of salicylic acid). 5 carbon 
atoms were eliminated by this treatment. Control fusions with 
10 mg. quantities of coumarin gave theoretical yields of sali- 
eylic acid. : 

Degradation in 30 per cent alcoholic potassium hydroxide gave 
some salicylic acid and a new 6-diketone, Ci;7Hi.O, (ID), mp. 
101—102°, molecular weight 284. The characterization of this 
-diketone as 1 ,3-disalicylylpropane by two independent synthetic 
approaches is given in Paper VI of this series (4). 

Degradation in 10 per cent sodium hydroxide gave the 6-diketone 
quantitatively (11.5 mg. of the hemorrhagie agent yielded 9.5 
mg. of the 6-diketone). 2 carbon atoms and 2 oxygen atoms were 
eliminated by this milder alkali treatment. 

When viewed collectively, the products isolated from the 
alkaline degradations indicated that there are present in the 
hemorrhagic agent, CisHwOs, two benzene nuclei joined through 
5 carbon atoms, the carbon bridge of the 6-diketone; that a car- 
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bony] oxygen is located on each carbon atom of the bridge adjacent 
to the benzene rings; and that ortho to the points of attachment 
is an oxygen atom which is present as a phenol ester. The forma- 
tion of salicylic acid from the hemorrhagic agent by more drastic 
alkaline hydrolysis could be rationalized as involving cleavage of 
the double bonds of the enol form of the intermediate 5-diketone. 
These products did not establish the position of the 2 carbon and 
2 oxygen atoms eliminated in the formation of the 5-diketone. 


Degradation of 3,3’ Methuen es ydrozycoumarin) under Alkaline 
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However, the ease of formation of the diketone suggests the 
decarboxylation of a 6-keto acid structure. On this basis, to- 
gether with the absence of phenolic properties in the hemorrhagic 
agent, the 2 carbon atoms and the 2 oxygen atoms which are 
eliminated in the formation of the diketone might be assigned to 
the position 8 to the carbonyls of the diketone and engaged in 
lactone formation with the phenolic hydroxyls. This postulation 
was given support by the following reaction. 
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Heating the hemorrhagic agent with phenylhydrazine resulted 
in cleavage to a compound containing 9 carbon atoms ascribable to 
the parent substance. Analysis of the product, m.p. 189-189.5°, 


H 
indicated the formula CoHyOoN, or C,H,0.(==N N CsH5)s. 
The recovery of a structural unit containing 9 atoms via degrada- 
tion with phenylhydrazine suggested that this agent effected a 
cleavage of the parent substance Ci9H12O¢ into two Cy units, with 
a simultaneous loss of 1 carbon atom, and coupling of each of the 
C, units with 2 moles of phenylhydrazine. Precedent for an 
anomalous reaction of this type under the influence of phenyl- 
hydrazine is not common. But this reaction, in conjunction 
with the results from the alkaline degradations, led us to consider 
the properties and constitution of the known dicoumarin deriva- 
tives, particularly those containing a methylene bridge (5). 

Mature consideration of all the properties exhibited by the 
hemorrhagic agent and our knowledge of its behavior in the 
degradation reactions portrayed above placed under strong sus- 
picion the synthetic product, a-methylenebisbenzotetronsiure, 
CisHwO¢, reported by Anschiitz in 1903 in conjunction with his 
classical studies on the benzotetronic acid group (6). The de- 
scription by Anschiitz of this compound was restricted to the 
melting point, given as 260° (with decomposition), its insolubility 
in water, solubility in alkali, and recrystallization from benzene. 
The only reaction mentioned (but without experimental data) 
was its behavior toward aniline. 

When the hemorrhagic agent was heated with aniline, the 
product formed proved to be the anil of 2,4-diketochroman 
(4-anilidocoumarin), CysH,O.N, m.p. 262-263° (IV). The melt- 
ing point of 4-anilidocoumarin reported by Anschiitz (6) is 3° 
below that of our product. 18 of the 19 carbon atoms and all of 
the oxygen atoms in the hemorrhagic agent could be accounted for 
by the product recovered from this reaction (13.4 mg. of the 
hemorrhagic agent gave 18.2 mg. of the anil). 

It should be emphasized that the melting point, 288-289°, of 
the hemorrhagic agent is almost 30° above that reported by 
Anschiitz for the compound listed under the name a-methylene- 
bisbenzotetronsiure. However, all of the degradation reactions 
of the hemorrhagic agent as well as all of its chemical properties 
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could be rationalized on the basis of the Anschiitz compound. 
For the physiological activity of the hemorrhagic agent from 
spoiled sweet clover hay, there existed, however, no parallel (1, 2). 


Synthesis of Hemorrhagic Agent from Spoiled Sweet Clover Hay 
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Accordingly, 4-hydroxycoumarin (benzotetronic acid) prepared 
from salicylic acid by the method of Pauly (7) was condensed 
with formaldehyde via the Anschiitz procedure (6). No dif- 
ficulty was experienced in realizing a synthetic product with a 
melting point in exact agreement with that of the pure naturally 
occurring hemorrhagic agent, 288-289°. All other physical 
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properties, crystal habit, limited solubility in the common sol- 
vents, and the absorption spectrum of the synthetic product were 
found to be identical with the naturally occurring substance (2). 
The analytical constants of the dimethyl! ether and the diacetate 
prepared from the synthetic product coincided with those of 
the corresponding derivatives prepared from the natural ma- 
terial, and the same products (salicylic acid, the 5-diketone, the 
anil of 2,4-diketochroman) were recovered on degradation. 

When the synthetic product was fed to our standardized assay 
rabbits at the levels previously reported for the natural sub- 
stance, a comparable reduction in prothrombin level (or activity) 
was observed (1, 2, 8). Continued feeding of the synthetic 
product to rabbits, rats, guinea pigs, and dogs produced the fatal 
hemorrhages characteristic of the sweet clover disease (9, 10). 

Since the origin of this exceptional substance in the spoiled 
sweet clover hays is the coumarin molecule, we prefer to have it 
designated as a derivative of coumarin, and accordingly suggest 
the use of the name 3 ,3’-methylenebis(4-hydroxycoumarin). It 
is apparent that tautomeric modification of 3 ,3’-methylenebis(4- 
hydroxycoumarin) into 3,3’-methylenebis(2 ,4-diketochroman) 
is possible. To this reversible transformation is ascribed, inter 
alia, the acidic properties of the substance, its behavior toward 
carbony] reagents, and its degradation by alkali. Thus salt forma- 
tion, methylation, and acetylation of the enol form of the substance 
would be expected. The cleavage caused by the organic bases 
phenylhydrazine and aniline may be considered a reverse aldol 
condensation. The mild alkali treatments effect opening of the 
lactone rings to produce a 8-keto acid, which would decarboxylate 
readily to the 6-diketone. Stronger alkali effects cleavage of the 
double bond of the enol form of the diketone to produce salicylic 
acid (4). Accordingly in the formulations indicating the synthesis 
of 4-hydroxycoumarin and 3 ,3’-methylenebis(4-hydroxycoumarin) 
the keto structures are also indicated. 


EXPERIMENTAL 


Mass Isolation of Hemorrhagic Agent (1, 2)—3 kilos of the 
spoiled hay were extracted with 30 liters of water at pH 3, steeped 
in 0.1 N sodium hydroxide, acidified to pH 3, filtered, and the 
residue extracted with two 20 liter portions of ethyl alcohol. The 
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alcoholic extract from 9 kilos of hay was concentrated at 25°, and 
the residue dissolved in 0.5 per cent sodium hydroxide and then 
acidified to pH 3. The precipitate was collected, suspended in 
1 liter of methanol, and 2 liters of ethyl ether added. After 
filtration the methy! alcohol was removed by shaking with 6 liters 
of 2 per cent hydrochloric acid. The green ether solution was 
shaken with 36 per cent hydrochloric acid until the acid layer was 
just slightly colored. During this treatment additional ether 
was added to maintain the ether volume above 2 liters. The ether 
was concentrated to 500 ml. at atmospheric pressure, then to a 
thin syrup at reduced pressure. On examination in polarized 
light under high magnification, this syrup showed the presence 
of microscopic crystals of the hemorrhagic agent embedded in a 
matrix of amorphous material. Solubility tests indicated that 
the inert materials could be removed selectively. 

The syrup was suspended by shaking with 200 ml. of methanol 
and centrifuged. The methanol layer was decanted and the 
solids resuspended in 200 ml. of methanol by shaking. This 
operation was repeated until the methanol washings were only 
slightly colored. 

The remaining solids were transferred to a 50 ml. centrifuge 
tube and washed with a 10 per cent solution of Skellysolve A in 
methanol. This operation was repeated several times with 
methanol containing increasing concentrations of Skellysolve A. 
The progress of the washing was followed by observing the ap- 
pearance of the crystals under polarized light. Recrystallization 
from benzene or cyclohexanone yielded macroscopic crystals of 
the crude product. After the final recrystallization from cyclo- 
hexanone the melting point of 288-289° was obtained. Thirty 
successive extractions gave 1800 mg. of the pure hemorrhagic 
agent, the over-all recovery (based on the prothrombin assays) 
being between 66 and 73 per cent of the total quantity present. 

Preparation of Diacetate, Ci9Hi0O¢(OCCH;)2—The hemorrhagic 
agent (28.3 mg.) was added to 1 ml. of a mixture of equal parts of 
pyridine and acetic anhydride at 28°. After 30 minutes the crude 
acetate was filtered off, pressed dry, and recrystallized from 
benzene. The acetate melts at 250-252° (decomposes). Yield 
34.7 mg. or 98 per cent of theory. 

Analysis of Diacetate—The acetyl groups could not be estimated 
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with the usual acid saponification procedures. But after saponi- 
fication in alcoholic potassium hydroxide and acidification with 
concentrated sulfuric acid, successful estimations were realized 
in the Perkins apparatus. 


Ci9HieOe(OCCHs). 
Calculated. Acetyl 20.48, C 65.71, H 3.81 
Found. ‘* 20.4, 20.0, “‘ 65.80, 65.72, ‘‘ 3.89, 3.81 


Alkaline Degradation of Hemorrhagic Agent—In each of the 
three degradation conditions given below the reaction mixture 
was worked up by the usual procedures for neutral, acidic, and 
phenolic substances. The over-all procedure will be apparent 
from the fusion with solid potassium hydroxide (a). 

(a) Degradation with Solid Potassium Hydroxride—The hemor- 
rhagic agent (7.3 mg.) was heated with 0.5 gm. of potassium 
hydroxide in a nickel crucible at 300° until the starting product 
dissolved with the evolution of gas. The melt was then held at 
approximately 300° for 10 minutes. The fused mass was cooled 
and taken up in 5 ml. of water. 

The basic solution was first extracted with 5 ml. portions of 
ethyl ether to remove the neutral products. These were nil. 
The ether-extracted aqueous solution was then made acid with 
concentrated hydrochloric acid and again extracted with ethyl 
ether. The ether solution was extracted with 10 per cent sodium 
bicarbonate (5 ml.). The bicarbonate solution was acidified 
and extracted with ethyl ether. The resulting ether extract 
was washed with water, and then concentrated to permit crystal- 
lization of the acidic fragments. Only salicylic acid, C7H¢Qs, 
was recovered, which was characterized by its melting point, 
158-159°, and methyl] ester. Yield 6.1 mg. or 98 per cent of 
theory. Under the same conditions control experiments with 
10 mg. of coumarin gave salicylic acid quantitatively. 

The ether solution remaining after the bicarbonate extraction 
was washed with water and concentrated to dryness. The quan- 
tity of phenolic material was negligible. 

(b) Degradation with 30 Per Cent Alcoholic Potassium Hydroxide 
—The hemorrhagic agent (6.2 mg.) was refluxed in 5 ml. of 30 
per cent potassium hydroxide in 90 per cent methyl! alcohol for 
24 hours. The reaction mixture was worked up as given in 
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section (a). The neutral fraction was nil. The phenolic fraction 
yielded 4.0 mg. of a 6-diketone with a melting point of 98-100°, 
which rose to 101-102° after recrystallization from 95 per cent 
ethanol. Since this product appears again in degradation (c), 
further comment on it will be deferred. 

The acidic fraction yielded 2.5 mg. of salicylic acid (m.p. 
157-158°). 

(c) Degradation with Aqueous Sodium Hydroxide—The hemor- 
rhagic agent (11.5 mg.) was refluxed in 10 per cent aqueous sodium 
hydroxide for 40 hours. The neutral and acidic fractions were 
nil. The phenolic fraction gave 9.5 mg. of the 6-diketone, 1 ,3- 
disalicylylpropane, C,7HyO., m.p. 101-102°. Yield over 95 per 
cent of theory. 

Properties of 5-Diketone (4)—It is optically inactive, the ferric 
chloride test is positive in ethanol, and the Folin-Denis test is 
also positive. The ketone couples with diazotized p-nitraniline 
(red precipitate). 

Analysis of 5-Diketone— 

Ci7Hy.0,. Calculated. C 71.83, H 5.63, mol. wt. 284 


Found. ‘* 71.75, 71.70, ** 5.63, 5.60, “ ‘** 280 
(micro-Rast in camphor) (average) 


The 6-diketone forms a diether, Ci1;7H,yO2(OCHs)s, m.p. 86—88°. 
On fusion with potassium hydroxide the diketone yields salicylic 
acid quantitatively. It therefore represents an intermediate 
degradation product between the hemorrhagic agent and salicylic 
acid. Details of the characterization of the 6-diketone as 1,3- 
disalicylylpropane through synthesis by two independent methods 
are given in Paper VI of this series (4). 

Degradation of Hemorrhagic Agent by Heating in Aniline—The 
hemorrhagic agent (13.4 mg.) was heated with redistilled aniline 
(0.2 ml.) at 180° for 30 minutes. The reaction mixture was poured 
into dilute hydrochloric acid to dissolve the excess aniline. The 
crude anil (18.2 mg.) was filtered and washed first with dilute acid 
and then with water. After one recrystallization from 20 ml. 
of 95 per cent ethanol the melting point rose to 262-263°, which 
is 3° above the melting point reported by Anschiitz (6) for the 
anil of 2,4-diketochroman (4-anilidocoumarin). Yield approxi- 
mately 95 per cent of theory. A control synthesis of the anil 
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from 4-hydroxycoumarin was made on a macro scale. The prod- 
ucts have identical properties and composition. 
Analysis of Anil— 


C,;Hy,ON. Calculated. N 5.83, Cc 75.95, H 4.64 
Found. **5.78, 5.90, ** 76.00, 76.03, ‘* 4.70, 4.73 


Degradation of Hemorrhagic Agent by Heating with Phenyl- 
hydrazine—The hemorrhagic agent (13.0 mg.) dissolved in 0.5 
ml. of phenylhydrazine was heated at 135° for 30 minutes. The 
reaction mixture was poured into 10 per cent hydrochloric acid, 
whereupon a red gummy oil separated, which was washed by 
decantation with the acid. The reaction product was dissolved 
in ethanol and recrystallized (two times). Yield 13.9 mg., mp. 
189-189.5°. 

The same product was also made in a control synthesis from 4- 
hydroxycoumarin on a macro scale. Anschiitz (6) reported that 
three different products are realized when 4-hydroxycoumarin is 
heated with phenylhydrazine. He listed one with a melting point 
of 186° containing 11.05 per cent nitrogen (one phenylhydrazine 
residue). It appears from the analyses reported below that the 
product realized by us contains two phenylhydrazine residues, 
which might occupy positions 3 and 4 in the coumarin ring. 


Analysis of Phenylhydrazine Derivative—C2,H,.O.N 4 

Caleulated. N 15.75, C 70.75, H 4.49, mol. wt. 356 

Found. ** 15.74, 15.68, “‘ 70.60, 70.70, ‘‘ 4.54, 4.59, “ “ 364 
(micro-Rast in camphor) 


Synthesis of 4-Hydrorycoumarin (Benzotetronic Acid) (7)— 
Acety! methylsalicylate (100 gm.) was heated to 165° on an oil bath 
in an open beaker. Metallic sodium (12 gm.) was introduced into 
the melt (with stirring) over a period of 1 hour. The temperature 
was maintained between 165-175° by cooling. As the sodium 
compound separated, the melt thickened and finally solidified. 
The mass was then ground, the unused sodium decomposed with 
methanol, and the product taken up in 500 ml. of water. After 
filtration the 4-hydroxycoumarin was precipitated by acidifying 
with hydrochloric acid. The product was washed with dilute 
acid, and recrystallized from hot water. Yield 12 gm. (14 per 
cent of theory), m.p. 204-206°. Repeated recrystallization raised 
the melting point to 210°. 

Synthesis of 3,3'-Methylenebis(4-Hydrorycoumarin) (6)—50 
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gm. of 4-hydroxycoumarin were dissolved in 1.5 liters of hot 
water (99°) to which an excess of 40 per cent formalin was added. 
The crude product was collected and washed copiously with water. 
It was dried and recrystallized from cyclohexanone, m.p. 288-289°. 
Yield 4.7 gm. (91 per cent of theory). The melting point of a 
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Fic. 1. Absorption spectrum of 3,3’-methylenebis(4-hydroxycoumarin) 
in cyclohexane; absorption maxima in my (log extinction values in paren- 
theses), 288.0 (2.628), 308.5 (2.689), 323.5 (2.608). 


mixture of the synthetic product and that isolated from hemor- 
rhagic hay was 288-289°. 


Analysis of Synthetic Product—C,sHi20s 


Calculated. C 67.80, H 3.60, O 28.60 
Found. ** 67.84, 67.80, ‘‘ 3.49, 3.53, “‘ 28.67 (by difference) 


Electrometric Titration—The curve obtained with the synthetic 
product was so close to that of the natural product that the details 
need not be given again (2). 

Absorption Spectra—The absorption curves obtained with the 
natural and the synthetic product were identical (see Fig. 1). 














524 Hemorrhagic Sweet Clover Disease. V 


Physiological Activity (2, 8)—1.5 mg. doses of 3,3’-methylene- 
bis(4-hydroxycoumarin) fed to standardized susceptible rabbits 
(with relative clotting index values* of about 0.30 at the time of 
standardization) gave an index of about 0.50 after 24 hours and 
a relative clotting index of less than 0.10 after 40 hours, represen- 
tative of an increase in prothrombin time from 25 to 28 seconds 
to 85 to 90 seconds. Continued feeding of the synthetic product 
to rabbits, rats, guinea pigs, and dogs first produced a prolonged 
prothrombin and whole blood clotting time followed by the hemor- 
rhagic condition characteristic of the sweet clover disease, which 
eventually became fatal (9, 10). The details on the physiological 
activity of the substance at different dosage levels with various 
animals will be considered in a separate communication. 


DISCUSSION 


Relation of This Study to Development of Low Coumarin Strains 
of Sweet Clover—In previous publications from this station (11-14) 
it was pointed out that both of the undesirable aspects of sweet 
clover as a cultivated crop,’ its unpalatability (bitterness) and 
the tendency of the hays to become hemorrhagic when improp- 
erly cured, appeared to have a common basis in the coumarin 
molecule. The elucidation of the structure of the hemorrhagic 
agent as 3,3’-methylenebis(4-hydroxycoumarin) substantiates 
this relationship, and suggests that the biological synthesis during 
spoilage involves an oxidation of the coumarin to 4-hydroxy- 
coumarin followed by coupling with formaldehyde. 

On this basis, the amount of coumarin in the sweet clover which 
was converted to the hemorrhagic agent in the spoiled hays 
employed in this study (1, 2) would be 0.0026 per cent (dry sub- 
stance basis). The final coumarin content of these spoiled hays 
ranged from 0.75 to 1.58 per cent, which indicates that only a 
very small amount of the total coumarin was involved. 

Reduction of the coumarin content by breeding or selection 


? The relative clotting index is the ratio of the concentration of the 
normal plasma in the concentration range of 12.5 to 8.34 per cent to the 
concentration of the pathic plasma which gives the same clotting time (8). 

* During the last three decades sweet clover in North America has 
risen from the status of a roadside weed to a place of importance as & 


forage crop (15). 
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(11, 12, 16) offers the possibility of improving palatability and 
reducing the economic hazard associated with the feeding of 
spoiled sweet clover hays or silage. But in view of the small 
amount of coumarin actually involved in the formation of hemor- 
rhagic hays, and the limitations of the methods available at pres- 
ent for the estimation of coumarin (17), any strains of sweet: 
clover selected by the plant breeder on the basis of the coumarin 
content as potentially desirable should be checked through actual 
spoilage tests, in which the prothrombin assay with standardized 
susceptible rabbits is used as the control determination (8). 

3 ,3’-Methylenebis(4-Hydroxycoumarin) and Blood Coagulation 
Problem—Roderick pointed out that the hemorrhagic sweet 
clover disease is in a sense without parallel in animal pathology 
or human medicine (9, 10). Recently Quick (18) has affirmed 
this view in a résumé on the classification of hemorrhagic diseases 
due to defects in the coagulation mechanism of the blood and 
suggested that similar toxic agents may perhaps be encountered 
clinically which may attack the prothrombin of the blood.@ 

We should like to call attention to certain observations made 
with 3 ,3’-methylenebis(4-hydroxycoumarin) which might interest 
those dealing with the general problem of blood coagulation. The 
syndrome produced by feeding the substance to rabbits apparently 
does not result in permanent injury. Some of our assay rabbits 
have had the prothrombin level (or activity) reduced to 10 per 
cent, or below, of the normal over 100 times (10 day rest period 
between assays) without developing either indications of perma- 
nent injury, the acquisition of immunity, or increased susceptibil- 
ity to the hemorrhagic agent (8). The administration of massive 
single doses (1.0 gm. to a 2.5 kilo rabbit or 5.0 gm. to an 8 kilo 
dog) effected a reduction in the prothrombin level (or activity) 
without producing gross signs of permanent injury. It appears 
that continued feeding of the substance is necessary for the pro- 
duction of hemorrhages. 

In view of the prothrombin-reducing or inactivating properties 
of this dicoumarin, and the spread between the detectable and 
lethal dose, together with the relative ease with which it may be 
synthesized and administered, it would appear that its anticoagu- 


‘See also the recent comprehensive review on plasma prothrombin and 
Vitamin K by Brinkhous (19). 
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lant properties merit consideration from the physiologist and 
hematologist (19, 20). 


SUMMARY 


1. Proof is presented through degradation reactions and by 
synthesis, that the hemorrhagic agent, CisH2Os, m.p. 288-289°, 
present in improperly cured hay made from the common sweet 
clovers, Melilotus alba and Melilotus officinalis, is the dicoumarin, 
3 ,3’-methylenebis(4-hydroxycoumarin). 

2. The chemical and physical properties of the naturally occur- 
ring and the synthetic products have been shown to be identical. 

3. The synthetic product has been shown to parallel the nat- 
urally occurring product in its capacity to reduce the prothrombin 
level (or activity) of standardized susceptible rabbits. 

4. The hemorrhagic condition characteristic of the sweet clover 
disease has been produced in various species of experimental ani- 
mals by continued feeding of the synthetic 3 ,3’-methylenebis(4- 
Be gegen : 

. The bearing of this study on the objectives of the plant 
geneticist to breed a low coumarin line of sweet clover and the 
possible value of the hemorrhagic agent to the physiologist and 
hematologist are discussed. 


We are indebted to our colleagues, Ralph 8S. Overman for the 
prothrombin assays, William Sullivan for the acetyl determina- 
tions, and Dr. R. J. Dimler for the micro-Dumas nitrogen deter- 
minations and for assistance in the preparation of the manuscript. 
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STUDIES ON THE HEMORRHAGIC SWEET CLOVER 
DISEASE 


VI. THE SYNTHESIS OF THE 5-DIKETONE DERIVED FROM THE 
HEMORRHAGIC AGENT THROUGH ALKALINE DEGRADATION * 


By CHARLES FERDINAND HUEBNER anv KARL PAUL LINK 


(From the Department of Biochemistry, Wisconsin Agricultural Experiment 
Station, University of Wisconsin, Madison) 


(Received for publication, November 29, 1940) 


In the previous communication it was shown that when the 
hemorrhagic agent, 3,3’-methylenebis(4-hydroxycoumarin), iso- 
lated from spoiled sweet clover hay is degraded with 10 per cent 
aqueous sodium hydroxide there is formed in practically quanti- 
tative yields a new 6-diketone, Ci7Hie6Q,, m.p. 101-102°, which 
was designated as 1 ,3-disalicylylpropane (1). This communica- 
tion deals with the characterization of this 6-diketone by synthesis. 

The recovery of this product in the phenolic fraction from the 
10 per cent aqueous sodium hydroxide degradation indicated that 
it was a much weaker acid than the parent substance. This was 
substantiated by its insolubility in sodium carbonate and by the 
electrometric titration curve. These observations, together with 
the positive ferric chloride test (in ethanol), the formation of a 
dimethyl ether, C:7HyO2.(OCHs)2, and the recovery of salicylic 
acid on fusion, indicated that the acidity exhibited by this sub- 
stance might be ascribed to the presence of two phenolic hydroxyl 
groups. 

The presence of carbony! groups was initially indicated by reac- 
tion with phenylhydrazine but the crystalline product recovered 
was not homogeneous. However, when allowed to react with 


* Published with the approval of the Director of the Wisconsin Agri- 
cultural Experiment Station. Cooperative studies with the Division of 
Forage Crops and Diseases, United States Department of Agriculture, 
Washington, through Dr. E. A. Hollowell. Personnel and supply assistance 
since July 1, 1938, in part through the Natural Science Research Project 
No. 65-1-53-2349 of the Federal Works Progress Administration (Madison). 
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hydrazine hydrochloride and sodium acetate in the usual manner, 
a crystalline product was obtained, m.p. 252°, which analyzes for 
Ci7HO2N2.'!_ This reaction indicates the loss of 2 oxygen atoms 
which were probably present as carbonyl groups. With am- 
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monium hydroxide the compound gives a yellow color. The 
formation of dihydropyridines from 1,5-diketones by reaction 
with ammonia has been recorded (2). 


1 While the structure of this compound (possibly a dihydropyridine 
derivative) has not been determined, it is of value as a characteristic 
derivative; work on it is in progress. 
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Mature consideration of the chemical properties of the ketone, 
together with the reported transformation of 4-hydroxycoumarin 
to o-hydroxyacetophenone under conditions that parallel those 
jleading to the formation of the ketone (3, 4), suggested the struc- 
ture assigned in formula (V). It appeared most practical to 
establish this structure by synthesis, since the 3 carbon atoms lost 
when it was degraded to salicylic acid were not recovered (1). 

One synthetic approach was offered through condensation of 
o-methoxybenzoylacetic ester (II) with methylene iodide, the 
former being available from methyl o-methoxybenzoate (I), via 
the Claisen reaction. By subjecting the intermediate dicar- 
boxylic ester (III) to hydrolysis and decarboxylation, the methyl 
ether of 1 ,3-disalicylylpropane (IV) would result. Accordingly 
the methyl ether (IV), CivHuO2(OCHs)2, m.p. 86-88°, was first 
prepared from the parent ketone (V) by methylation with methyl 
iodide in the presence of silver oxide. A product identical with 
this methyl ether was successfully synthesized as outlined below. 

A second confirmation of the structure proposed was realized 
by subjecting phenyl glutarate (VI) to the Fries rearrangement, 
which gave the ketone, m.p. 101-102°, directly. 

The yields obtained in the above syntheses were not elegant. 
However, the physical constants and analytical data of the prod- 
ucts obtained (IV, V) are in complete harmony with the structures 
assigned. The relationship of the structure of 1 ,3-disalicylyl- 
propane to the parent hemorrhagic agent is given in Paper V 
of this series (1). 


EXPERIMENTAL 


Preparation of Methyl Ether of 1 ,3-Disalicylylpropane, Ci;H 4O2- 
(OCH;)2—The ketone (0.2 gm.) was refluxed for 1 hour with 
0.5 gm. of silver oxide and 1 ml. of methyl iodide. After 12 hours 
ethyl ether was added, whereupon the solids were filtered off and 
repeatedly extracted with ethyl ether. The combined ether 
solutions were extracted with 10 per cent sodium hydroxide to 
remove the minute quantities of acidic material present (un- 
methylated ketone, etc.). The ether containing the neutral 
fraction was concentrated to dryness. The impure product was 
taken up in a mixture of benzene and petroleum ether and frac- 
tionally crystallized to remove traces of low melting neutral 
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impurities. After recrystallization, the yield of the pure product, 
m.p. 86-88°, was approximately 50 per cent. 


C17Hi.O2(OCHs)s 
Caleulated. C 73.09, H 6.41, methoxyl 19.85 
Found. ** 72.96, 72.98, ** 6.40, 6.41, 71 19.65, 20.05 


Synthesis of o-Methorybenzoylacetic Ester, CxHywO.;—This was 
prepared from methyl o-methoxybenzoate and ethyl] acetate ac- 
cording to the method of Tahara (5). From a sample of the syn- 
thetic product the phenylpyrazolone was prepared, which melted 
at 130-131°. This is 17° higher than that reported by Tahara. 

Synthesis of Methyl Ether of 1 ,3-Disalicylylpropane, CyHyOr 
(OCH;).—The keto ester from above (4.27 gm.) in 5 ml. of benzene 
was allowed to react with 0.4 gm. of metallic sodium to form the 
corresponding sodio derivative. Methylene iodide (2.14 gm.) 
was then added. After the reaction mixture had stood for 12 
hours, it was refluxed for 1.5 hours. The solvent was removed 
in a vacuum desiccator, and the resulting oil was taken up in 50 
ml. of water. Carbon dioxide gas was passed through the solution 
and the unchanged methylene iodide was distilled off with steam. 
The residue was extracted with ethyl ether. The ether solution 
was concentrated and the resulting oil shaken for 15 hours with 
2.5 ml. of 10 per cent sodium hydroxide. The alkali effects a 
simultaneous hydrolysis and decarboxylation to produce the de- 
sired product. A degradational cleavage also takes place which 
results in the formation of appreciable quantities of salicylic 
acid. The neutral materials were extracted from the alkaline 
solution with ether and the ether removed. The resulting syrup 
was seeded with crystals of the dimethyl ether prepared from the 
ketone realized in the 10 per cent sodium hydroxide degradation 
of the parent 3,3’-methylenebis(4-hydroxycoumarin) (1). 

The crude synthetic dimethyl ether of the 6-diketone (0.35 
gm. or 10 per cent yield) was first recrystallized from 95 per cent 
ethanol, and finally from a mixture of benzene and petroleum 
ether. The final product (0.22 gm.) melted at 86-88°. The melt- 
ing point of a mixture of the synthetic product, and that prepared 
by methylating the parent diketone realized from the degradation 
of the hemorrhagic agent, showed no depression. 


Analysis for C:;H,.0.(OCH;). (Synthetic)— 
Found. C 73.00, 72.98, H 6.40, 6.38, methoxyl 19.60, 19.85 


The calculated values are given above. 
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Absorption Spectrum of Dimethyl Ether (Fig. 1)—The curves 
realized with the product prepared by methylating the ketone 
derived from 3,3’-methylenebis(4-hydroxycoumarin) and that 
obtained by synthesis coincide. 

Synthesis of 1 ,3-Disalicylylpropane, CizHioO., by Fries Rear- 
rangement—Pheny] glutarate (5.0 gm.) prepared by the method 
of Bischoff and von Hedenstrém (6) from glutary] chloride (7) 
was added to a suspension of 5.24 gm. of aluminum trichloride in 
10 ml. of carbon disulfide in a flask equipped with a stirrer, con- 
denser, and thermometer well. The ester was added in 1 gm. 





250 "270 ©4290 310 
WAVE-LENGTH, My 


Fie. 1. Absorption spectrum of the dimethyl] ether of 1,3-disalicylyl- 
propane in cyclohexane; absorption maxima in my (log extinction values in 
parentheses), 244.0 (2.650), 294.7 (2.543). 


portions to moderate the evolution of hydrochloric acid and the 
concomitant rise in temperature that results. Finally the reac- 
tion mixture was refluxed for 30 minutes. The product formed 
set up to a doughy mass. The carbon disulfide was distilled 
off and the temperature held at 175-180° for 2.5 hours. (The 
material does not melt.) Subsequently the desiccated mass was 
decomposed with 15 ml. of 30 per cent hydrochloric acid and 10 
ml. of water (5°). The resulting tar was first extracted with ether 
and to the ether solution 10 per cent sodium hydroxide was added. 
Some solids separated which proved to be the sodium salt of the 
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diketone, which is but sparingly soluble in water. The solid 
matter was filtered off and added to the aqueous layer. After 
acidification with concentrated hydrochloric acid (dropwise) 
crystalline product separated (3 gm.) which contained a mixture 
of the isomeric diketones formed in the Fries rearrangement. 

It was possible to separate the desired isomer by six crystalliza- 
tions from ethanol. The final product, 0.63 gm., melted at 100- 
102°, and the melting point of the mixture prepared with the 
corresponding diketone from the natural source showed no de- 
pression. The analysis and properties of the synthetic product 
and that realized from the 10 per cent sodium hydroxide degrada- 
tion of 3,3’-methylenebis(4-hydroxycoumarin) are identical and 
need not be given again here (1). 


SUMMARY 


The é-diketone, Ci7HiO., formed in the degradation of the 
hemorrhagic agent from spoiled sweet clover hay, 3 ,3’-methylene- 
bis(4-hydroxycoumarin), with 10 per cent sodium hydroxide is 
1 ,3-disalicylylpropane. The 6-diketone was synthesized from 
phenyl glutarate via the Fries rearrangement. Its dimethyl 
ether, Ci;HyO2(OCHs)2, was prepared by condensing o-methoxy- 
benzoylacetic ester with methylene iodide, and subjecting the 
intermediate dicarboxylic ester to hydrolysis and decarboxylation. 


We are indebted to our colleagues Mr. M. A. Stahmann and 
Dr. Ivan Wolff for the valuable suggestions which they con- 
tributed toward the identification and synthesis of the ketone. 
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THE COLORIMETRIC DETERMINATION OF LACTIC 
ACID IN BIOLOGICAL MATERIAL 


By 8S. B. BARKER anp WILLIAM H. SUMMERSON 


(From the New York Hospital and the Departments of Medicine and of 
Biochemistry, Cornell University Medical College, New York City) 


(Received for publication, December 21, 1940) 


The trend of recent research in the field of cellular and tissue 
metabolism has emphasized the importance of methods for the 
precise determination of small amounts of lactic acid. The 
quantities of lactic acid which are encountered when tissue slices, 
suspensions, and extracts are used for studies in metabolism are 
ordinarily below the range of the standard titrimetric lactic acid 
method of Friedemann, Cotonio, and Shaffer (1), which requires 
aminimum of about 0.5 mg. of lactic acid for the usual determina- 
tion in duplicate. Of the various colorimetric methods which 
have heretofore been available for the determination of small 
amounts of lactic acid, only those of Mendel and Goldscheider 
(2) and Miller and Muntz (8) are sufficiently sensitive to be of 
possible value in this connection. 

Both the Mendel-Goldscheider and Miller-Muntz methods 
depend primarily upon the reaction of Denigés (4), by which 
lactic acid is converted quantitatively into acetaldehyde on 
being heated with concentrated sulfuric acid. Mendel and Gold- 
scheider determine the acetaldehyde colorimetrically by virtue 
of its reaction with veratrole (o-dimethoxybenzene), while Miller 
and Muntz utilize the reaction between acetaldehyde and p- 
hydroxydiphenyl which was first described by Eegriwe (5). 

The reaction between p-hydroxydiphenyl and acetaldehyde 
is fundamentally far more sensitive than is the veratrole reaction. 
Nevertheless, in our study of the applicability of the two reagents 
to the determination of lactic acid in tissue metabolism prepara- 
tions we were at first completely unable to obtain as satisfactory 
results with p-hydroxydiphenyl as had been obtained with a 
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modification of the veratrole procedure.' The variable results 
by the Miller-Muntz method, under presumably well controlled 
conditions, led us to suspect that an unknown factor was involved 
in the reaction. It was soon found that the reaction between 
acetaldehyde and p-hydroxydipheny!l in concentrated sulfuric 
acid is markedly influenced by the presence of certain inorganic 
ions, notably those of iron, copper, and cerium. Other ions 
such as those of lead, mercury, nickel, and cobalt are without 
effect, and we are thus unable to confirm the finding of Block 
and Bolling (7) that lead influences the color reaction. 

The effect of iron ions on the reaction is quite significant and 
points toward the explanation for the phenomenon which is 
offered later. While the presence of neither ferrous ion nor 
ferric ion alone is of analytical value, a suitable mixture of the 
two results in a final color which is from 3 to 5 times as intense as 
when the reaction is carried out in the ordinary way as described 
by Miller and Muntz, and the specificity of the reaction is also 
increased. The disadvantage of iron as a promoter of the color 
reaction lies in the fact that variations in the ratio between ferrous 
and ferric iron markedly influence color development, as is shown 
later, and an excessive amount of ferric iron produces a green 
color with the reagent alone. 

The effect of copper is quite different from that of iron. The 
addition of cuprous ion is not necessary, since added cupric ion 
alone enhances color development. As the cupric ion concentra- 
tion is increased, color enhancement increases until it becomes 
almost as great as that obtained with the optimal mixture of 
ferrous and ferric iron. Higher concentrations of cupric ion 
have no further effect, nor does the ion produce a color with the 
reagent alone. Cerium behaves similarly to copper, but offers 
no advantages over the latter. 

We have therefore devised a colorimetric procedure for the 
determination of small amounts of lactic acid which incorporates 
the findings just described. The various steps in the procedure 


1 Barker (6). When this report was presented at New Orleans in March, 
1940, the essential details of the p-hydroxydiphenyl method described here, 
including the use of copper and of an aqueous alkaline solution of the 
reagent, were also presented orally but are not included in the published 
abstract. 
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include (a) treatment of the protein-free sample by the copper 
hydroxide-calcium hydroxide procedure of Van Slyke (8) to 
remove interfering material; (b) conversion of lactic acid to 
acetaldehyde by heating in concentrated sulfuric acid in the 
proportion recommended by Mendel and Goldscheider; (c) color 
development by treatment in the concentrated acid solution with 
p-hydroxydipheny! in the presence of added cupric ions. The 
p-hydroxydipheny! is added as an aqueous alkaline solution 
rather than in the solid form recommended by Miller and Muntz.? 

The procedure described here has been applied with satis- 
factory results to a large number of samples of whole blood, serum, 
saliva, tissue filtrates, and tissue hydrolysates. The sensitivity 
of the procedure is such that color development is ordinarily 
earried out on a portion of the sample which contains not more 
than 5 to 10 y of lactic acid. This represents 1 ec. of a 1:50 or 
1:100 dilution of the usual sample. Since the final volume of 
colored solution under the conditions described here is about 7 
ee., it would appear possible to apply the method to much smaller 
amounts of lactic acid than are specified above, by the suitable 
use of smaller volumes and microphotoelectric colorimetry. 


EXPERIMENTAL 


Reagents— 

20 per cent solution of CuSO,-5H,0. 

4 per cent sdlution of CuSO,-5H,0. 

Solid calcium hydroxide, c.p., powdered. 

Sulfuric acid, concentrated, sp. gr. 1.84. 

1.5 per cent solution of p-hydroxydiphenyl in 0.5 per cent 
NaOH. 

Removal of Protein—The solution undergoing analysis must be 
free fram protein. Protein may be removed by any of the com- 
mon procedures in which trichloroacetic acid, tungstic acid, zine 
hydroxide, or cadmium hydroxide is employed. This was estab- 
lished by comparative analyses on blood samples which had been 
deproteinized by various procedures. In one such series of anal- 
yses a blood sample which contained 21.8 mg. per cent of lactic 


*While this article was in preparation, the report of Koenemann (9) 
appeared, in which the use of an aqueous alkaline solution of p-hydroxydi- 
phenyl for the Miller-Muntz procedure was proposed. 


te 


g 












































538 Determination of Lactic Acid 





acid by the titrimetric Friedemann method gave colorimetric 
values of 21.7, 21.1, and 21.9 mg. per cent after deproteinization 
by trichloroacetic acid, tungstic acid, and zinc hydroxide respee- 
tively. Lactic acid added to the samples before precipitation 
of the proteins, in amounts equivalent to from 5 to 20 mg. per 
cent, was recovered quantitatively in the filtrate from all three 
precipitants. Similar results have been obtained with cadmium 
hydroxide. The precipitated protein should be removed by 
centrifugation rather than filtration, to avoid possible contamina- 
tion from the filter paper. 

Treatment with Copper and Calecium—A portion of the protein- 
free fluid is treated with 20 per cent copper sulfate solution and 
solid calcium hydroxide in the proportion recommended by Van 
Slyke (8). A convenient procedure is as follows: 1.0 to 5.0 ee. 
of protein-free filtrate, containing from 20 to 100 y of lactic acid 
(i.e., 2.0 ce. of a 1:10 blood filtrate, from a resting subject), are 
added to 1 ce. of 20 per cent copper sulfate solution and made toa 
total volume of 10.0 cc. with water. Approximately 1 gm. of 
powdered calcium hydroxide is added and the mixture immedi- 
ately shaken vigorously. The mixture is allowed to stand at room 
temperature for at least half an hour, with occasional shaking, 
and then centrifuged. The supernatant fluid is used for the final 
color development as described below. In removing the aliquot 
for analysis, care should be taken to avoid including any of the 
solid material which is usually present in the surface film. The 
aliquot is pipetted out from beneath the surface film, and the 
outside of the pipette is then wiped clean. 

With certain types of material, the treatment with copper and 
calcium described above has been found suitable for the removal 
not only of glucose and other interfering substances but also of 
protein, thus eliminating the need for a separate deproteinization. 
For instance, a lactate solution containing 5 per cent of protein 
and 200 mg. per cent of glucose gave the same results on a direct 
1:100 dilution of the original sample by the copper-calcium treat- 
ment as were obtained by the usual 1:10 deproteinization and 
subsequent 1:10 dilution through the copper-calcium procedure. 
Saliva has been analyzed satisfactorily by this method, as have 
acidified tissue extracts and acid tissue hydrolysates. The me 
is not applicable to whole blood, however, since there is a substance 
in blood corpuscles which interferes with the lactic acid determina- 
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tion and which is not removed by the copper-calcium treatment 
alone but is readily removed by any of the common methods of 
deproteinization. The nature of this substance is under inves- 
tigation.’ ’ 

Excessively acid or alkaline solutions should be approximately 
neutralized before treatment with copper and calcium. If the 
bright blue color of cupric hydroxide is not obtained when the 
mixture is shaken after the addition of calcium hydroxide, more 
ealcium hydroxide must be added. It is also possible to carry 
out the copper-calcium procedure on a 1:5 or even a 4:5 dilution 
of the protein-free filtrate, but the amounts of copper sulfate 

_solution and calcium hydroxide should not be changed. 

Color Development—Transfer 1.0 ec. of the supernatant fluid 
from the copper-calcium treatment, containing between 2 and 
10 y of lactic acid, to a fairly wide test-tube (18 to 23 mm. inside 
diameter) and add 0.05 cc. of 4 per cent copper sulfate solution. 
Run in from a burette exactly 6.0 cc. of concentrated sulfuric acid, 
mixing the contents of the tube while the acid is being added. 
It is not necessary to keep the mixture cold. With adequate 
mixing the temperature of the solution does not rise above 70--80°. 
After the acid has been added, place the tube upright in a boiling 
water bath and allow it to remain for 5 minutes. Remove and 
place in cold water to cool to below 20°. 

When the contents of the tube are sufficiently cool (but not 
before), add from a pipette exactly 0.1 cc. of the alkaline solution 
of p-hydroxydiphenyl. Disperse the precipitated reagent as 
quickly and uniformly as possible through the solution, and place 
the tube in a beaker of water at 30°. Allow to stand for 30 min- 
utes (longer does no harm), then place the tube in boiling water 
for 90 seconds, remove, and cool in cold water to room tem- 
perature. 

It is good practice to redisperse the precipitated reagent through 
the solution by gentle shaking at least once during the 30 minute 
incubation period. The 90 second heating in boiling water dis- 
solves excess reagent, leaving a clear solution. 

Color Measurement—Transfer the colored solution to a suitable 
container and read in a photoelectric colorimeter, using a filter 
which has a peak transmission at about 560 mu. This filter was 


*This material has now been identified as acetaldehyde (16). 
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selected on the basis of the spectrophotometric data of Block and 
Bolling (7), and has proved completely satisfactory. Because 
of the composite nature of the color (?.e., appreciable light absorp- 
tion in various portions of the spectrum), it is important that a 
filter with a spectral band not over 50 to 60 my wide be used, 
Both the Rubicon No. 565 and the Klett No. 56 filters fulfil this 
condition. 

For the initial setting of the colorimeter, either sulfuric acid 
alone or the reagent blank may be used. The latter procedure 
corrects the unknown reading for the value of the reagent blank, 
while the former does not. An alternative procedure for correct- 
ing for the value of the reagent blank is described in detail below. 

Calculation of Results—The lactate concentration of the un- 
known may be obtained from the colorimeter reading by reference 
to a previously prepared calibration curve relating colorimeter 
readings and known concentrations of lactate. If such a curve is 
to be used, the standard lactate solutions should be put through 
the copper-calcium procedure before the color development is 
run. It is also obvious that the analytical conditions must be 
rigorously controlled with respect to every detail if future analyses 
are to be related to a previously prepared calibration curve. 

A more convenient procedure for obtaining results is to make 
use of the strict adherence to Beer’s law by the analytical system 
under the conditions described above. With the Evelyn (10) 
colorimeter (and also others equipped with a 0 to 100 linear scale 
and employing an equivalent depth of solution), a straight line 
is obtained over a concentration range from 0 to about 5 ¥ of 
lactate per cc. if instead of plotting the galvanometer reading @ 
against lactate concentration, the value of 2 — log G is used. 
This line passes through the origin when a reagent blank tube is 
used for adjusting the colorimeter to the 100 reading, and the 
2 — log G values then become directly proportional to the lactate 
concentration. The proportionality factor is readily established 
by careful analysis of known lactate solutions, and once it is 
known, the lactate concentration of an unknown solution is ob- 
tained by multiplying its 2 — log G value by the proportionality 
factor. 

With the Summerson (11) colorimeter, the logarithmic scale 
makes the calculation of results somewhat simpler, since the scale 
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readings themselves are directly proportional to concentration 
for systems which adhere to Beer’s law. With the reagent blank 
tube set at 0, the scale reading for a standard lactate solution 
divided into the lactate concentration gives the proportionality 
factor directly. 
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Fie. 1. Range of proportionality between color intensity and concentra- 
tion of lactic acid, as obtained with the Evelyn (ZV) and Klett-Summerson 
(K-S) photoelectric colorimeters. For the Evelyn colorimeter, color 
intensity is proportional to 2 — log G, where G is the galvanometer reading. 
The reason for the differences in slope and range between the two colorim- 
eters is given in the text. 


The range of proportionality for both the Evelyn and Klett- 
Summerson photoelectric colorimeters is shown in Fig. 1. The 
data were obtained by the analysis of solutions of known lactate 
content, pre: red from both lithium lactate &nd zinc lactate. 
For the Evelyn colorimeter the data are expressed in terms of the 
2 — log G values, while for the Klett-Summerson colorimeter the 
scale readings are plotted directly. Both curves have been cor- 
rected for the reagent blank values. 
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The difference in slope between the two curves is due to the use 
of narrower test-tubes in the Klett-Summerson instrument than 
are used in the Evelyn instrument. The range of satisfactory 
proportionality is therefore greater for the former colorimeter, 
but the sensitivity in terms of scale divisions per microgram of 
lactate is correspondingly less. For a particular colorimeter and 
color filter, the slope of the curve, and hence the proportionality 
factor, is reasonably constant. Any serious deviation from pre- 
vious values should be reinvestigated. 

The desirability of calculating results with the photoelectric 
colorimeter in terms of the reading of a simultaneously prepared 
standard instead of by reference to a previously prepared calibra- 
tion curve has been discussed elsewhere (11). In the present 
instance, this may be done by running a standard and a reagent 
blank along with each series of unknowns, and calculating the 
proportionality factor as described above. An alternative pro- 
cedure, which has been much practiced and which does not make 
the accuracy of the results depend upon the precision with which 
the relatively small reagent blank may be established, is to omit 
the reagent blank determination and to run two standards, at 
different levels, in each series of unknowns. The difference in 
reading between the two standards enables the proportionality 
factor to be calculated, and from this and the reading of either 
standard the “apparent blank” is obtained. An example of this 
calculation is given below. The data are in terms of the readings 
on the Klett-Summerson colorimeter, but the principle is equally 
applicable to instruments with which the 2 — log G value must 
be used. 


Example 


Reading of unknown = 170 
ys ‘* 27 standard = 95 


ce “ 4 cc ce = 175 
Therefore 2 y = 80 scale divisions 
and 1 se = 40 oe ce 


“Apparent blank’? = 95 — (2 X 40) = 15 
Unknown reading minus blank = 170 — 15 = 155 
Lactate concentration of unknown = 155/40 = 3.88 y 


Proof of Method—The three commonly accepted criteria of an 
analytical procedure are that the values obtained correspond well 
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with those obtained by other procedures, that added material is 
completely recovered, and that the procedure has a high degree 
of specificity for the substance in question. Evidence bearing 
on these points is presented below. 

Fig. 2 shows a comparison on a variety of samples between the 
colorimetric method described here and the titrimetric method 
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Fie. 2. Comparative lactic acid values on a variety of samples, as ob- 
tained by the authors’ colorimetric method and by the titrimetric method 
of Friedemann et al. (main part of figure) or the manometric method of 
Warburg (inset). 


of Friedemann, Cotonio, and Shaffer (1). The agreement is 
within +5 per cent in general, with a few values falling in the +10 
per cent range. It should be pointed out, however, that in our 
experience the latter is the range of reliability of the titrimetric 
procedure, and may not entirely represent a discrepancy between 
the amount of lactic acid as determined by the two methods. 

The inset in Fig. 2 shows a similar comparison between the 
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colorimetric method and the manometric method of Warburg 
(12), as applied to the determination of the lactic acid production 
by tumor tissue in the presence of glucose under anaerobic condi- 
tions. The quantities of lactic acid concerned here were too small] 
for analysis by the titrimetric method. By the manometric 
method acid production is measured in terms of the decomposition 
of bicarbonate, and the method is not specific for lactic acid. How- 
ever, Negelein (cf. Warburg (12)) has shown that the only acid 
which comes into question under these conditions is lactic acid. 


TaBLe I 
Recovery of Added Lactic Acid 




















| . ‘ 

Tissue filtrate a es riginally | Lactic acid recovered 

lmg. per cent| mg. per cent |mg. per cent| per cent 
Brain 4 20.0 25 | 20.3 102 
4 50.0 25 | 50.9 102 
4 50.0 180 52.3 105 
Heart.. 4 25.0 10- 35 25.3 101 
4 50.0 10— 35 49.4 99 
4 75.0 10-35 | 74.3 99 
Entire rat carcass 3 50.0 150-200 | 50.7 101 
(total carbohydrate 8 100.0 150-200 100.0 100 
hydrolysate) 6 200.0 150-200 207 .5 104 
Blood, dog. 3 4.0 25 4.0 100 
10 5.0 10 5.0 100 
6 10.0 10- 15 10.1 101 
3 15.0 60 15.2 101 
6 20.0 10- 15 18.9 95. 
Blood, cat. 3 5.0 20 4.9 98 
3 10.0 15 9.7 97 























The agreement between the colorimetric and manometric methods 
is just as definite as with the titrimetric method. 

The recovery of lactate added to a variety of analytical samples 
is shown in Table I. Quantitative recovery of amounts from 4 
to 200 mg. per cent was obtained, even when the added lactate 
was as little as one-fourth of that already present. This fully 
covers the concentration range encountered under most condi- 
tions, but undoubtedly even higher values can be handled satis- 


factorily by proper dilution. 
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The results of specificity tests on a considerable number of 
organic compounds are summarized in Tables II and III. For 
these tests, a solution of the substance containing 25 y per ce. 
was examined with regard to both the production of a significant 
color under the analytical conditions and interference with the 


determination of lactate. 


TaBLe II 


This concentration is from 5 to 10 


Substances Which Do Not Interfere with Analysis for Lactic Acid under 


Conditions Specified in Text 








Acetic acid Ethyl alcohol Lysine 
yAcetoacetic acid | Ethylene glycol | Malonic acid 
Acetone | Fructose Maltose 
Adenine Fumaric acid Mannose 
Alanine Galactose Melezitose 
Allantoin Glucose Ornithine 
a-Aminobutyric acid | Glucuronie acid Oxalic acid 
Arabinose | Glutamie acid Phenylalanine 
Arginine Glutathione Phosphoglyceric acid 
Ascorbic acid Glycerol Proline 
Asparagine a-Glycerophosphate Raffinose 
Aspartic acid 8-Glycerophosphate Sarcosine 
Caffeine Glycine Serine 
Carnosine | Hexose diphosphate Succinic acid 
Choline ** monophosphate | Tartaric ‘“‘ 
Citric acid Histidine Threonine 
Creatine Homocystine Trehalose 
Creatinine 8-Hydroxybutyric acid | Tryptophane 
Crotonic acid Hydroxyproline Tyrosine 
Cystine | Hypoxanthine Urea 
Diphosphoglyceric acid | a-Isohydroxybutyric Urie acid 
Dulcitol acid Valine 
Ergothioneine Isoleucine Xanthine 
Leucine Xylose 

















times greater than that of lactate in the usual aliquot taken for 
color development, and is equivalent to a concentration of 250 
mg. per cent at a 1:100 dilution. 

The compounds were selected from the point of view not only 
of their possible occurrence in biological fluids but also of their use 
as experimental variables in tissue metabolism studies. The data 
of Tables II and III demonstrate that the complete analytical 
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procedure is highly specific for lactic acid, if the copper-calcium 
treatment is routinely included. Of the compounds which are 
listed as not interfering with the method, in Table II, many give 
significant amounts of color if the copper-calcium treatment is 
omitted, but all are adequately removed by this treatment under 
the conditions specified. It must be mentioned, however, that 


Tasie III 


Interfering Substances Which Copper-Calcium Treatment Will Remove Only 
at Low Concentration or Will Not Remove at All 











Maximum 


| allowable | « . 
| amount for ares 


Compound Color obtained a of 7 of lnetie 
per ce. final acid 


solution 





Removed at low concentration 





Dihydroxyacetone.. .. Similar to lactate 1 0.02 
Glyceric aldehyde... - ae - 16 0.005 
p-Hydroxyphenyllactic 

EEE. +... -nemedbal " " ¥ 15 0.005 
Malic acid......... ana " “ ? 5 0.01 
Pyruvie acid......... i a ~ ss 5 0.025 
Rhamnose............ e pe “ ” 5 0.02 











Not removed at all 











| 


Acetaldehyde.............| Similar to lactate | | 2.05 
Acrolein.. . les | - - 7 0.10 
Methylglyoxal............ os ep ” 0.80 
Propylene glycol. ~ | = = m4 | 0.16 
Djenkolic acid. ...........| Blue-green 
Formaldehyde. ..... | “ 
a-Hydroxybutyric acid Blue-gray | 
Methionine ..............| (See text) 








the copper-calcium treatment appears to depend for its effective- 
ness in some instances on a process of adsorption rather than 
precipitation, and the completeness of removal at higher concen- 
trations than that specified should be established by experiment. 
This is illustrated by the data of Table III, which lists those 
substances which the copper-calcium treatment will remove com- 
pletely at low concentrations only, or will not remove at all. For 
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substances in the former class, the limiting concentration for 
complete removal is given, as well as the color value in terms of 
lactate. From these data the extent of possible interference under 
particular experimental conditions may be evaluated. 

Those interfering substances which are not removed at all by 
the copper-calcium treatment are, with the exception of methionine 
and propylene glycol, readily distinguishable from lactate in that 
they either react directly with p-hydroxydiphenyl in the cold 
(which lactate does not) or they yield a final color which is dis- 
tinctly different from the characteristic violet of the acetaldehyde 
reaction. The question of their occurrence in an analytical sample 
may therefore be readily answered. No interference of this type 
has ever been noted in biological samples except in the case of the 
substance present in red blood cells which was mentioned above 
and which was detected because of its ability to yield a color in 
the cold. 

Propylene glycol is indistinguishable from lactate except for its 
relative color intensity per microgram, as given in Table III. As 
far as we know, the presence of significant amounts of propylene 
glycol in biological material is not to be expected. If it has been 
added to the system as an experimental variable, it will interfere 
to the extent indicated by its relative color value. 

The effect of methionine on the analytical procedure is quite 
unusual. In the presence of small amounts of free methionine, 
lactate (and acetaldehyde) solutions give definitely less color than 
expected. The decrement in color is proportional within certain 
limits to the amount of methionine present; amounts of the same ~ 
order of magnitude as the lactate present are readily detected, 
and larger amounts lead to complete inhibition of color formation. 
The nature of this interference is still under investigation, but it 
appears at the present time to be due to a reaction in concentrated 
sulfuric acid between methionine (or decomposition products) 
and acetaldehyde, to produce a substance which does not react 
with p-hydroxydiphenyl. The reaction appears to be highly 
specific for methionine, and is at present being used as the basis 
of a method for the microdetermination of methionine. The 
details of this method will appear shortly. 

From the point of view of lactic acid determination, interference 
by methionine is not regarded as significant under ordinary condi- 
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tions, since the occurrence of free methionine in a sample in 
| amounts equivalent to lactate would be rather unusual. Further- 
more, neither the titrimetric nor the manometric lactic acid 
method is interfered with in a similar manner by methionine, 
and the degree of correlation between these methods and the 
colorimetric method which has already been shown in Fig. 2 
indicates that the colorimetric method gives accurate results 
under all ordinary conditions. 


DISCUSSION 


Analytical Precautions—Few precautions with regard to the 
reagents appear to be necessary. The sulfuric acid should be 
of reagent quality; acid from a number of different sources 
has proved equally satisfactory. The acid should be protected 
from contamination by organic matter while standing in the 
laboratory, and since the amount of acid must be measured exactly 
during the analysis, it is best dispensed from a burette. It is 
convenient to arrange the burette so that it may be filled directly 
from the acid bottle by suction, or a burette with an attached 
reservoir may be used. All stop-cocks which come in contact 

t with acid must be free from grease, so that a “greaseless’’ stop- 
cock or an ordinary one lubricated by a small amount of the acid 
itself must be used. 

The Eastman Kodak Company grade of p-hydroxydiphenyl 
may be used directly without further purification by recrystal- 
lization. One recrystallization from alcohol or acetone removes 
material which gives a small amount of color in alkali, but no 
significant differences in analytical performance have been noted , 
between the purified and unpurified material. The reagent WY 
solution is prepared by dissolving the dry material in 5 per cent or 
i0 per cent sodium hydroxide by stirring and warming and then 
diluting to a final alkali concentration of 0.5 per cent. The solu- 
tion keeps indefinitely at room temperature in a stoppered brown 
bottle, and is conveniently dispensed from a pipette attached to 
the stopper and known to deliver 2 drops per 0.1 ce. 

The v.s.P. or c.P. grades of calcium hydroxide are equally satis- 
factory for use in the preliminary copper-calcium procedure. 

We do not find it necessary to cool the solution during the addi- 
tion of the sulfuric acid, nor are stoppered tubes required during 
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the heating period which converts lactate to acetaldehyde. The 
time of heating at this stage is not critical, identical results being 
obtained with heating periods of from 3 to 10 minutes. Longer 
heating than 10 minutes may lead to slight losses. The 4 per cent 
copper sulfate solution is added to the system before heating 
merely as a matter of convenience, since it does not affect the 
conversion of lactate to acetaldehyde in any way. 

The color reaction is not significantly affected by a slight excess 
of either the reagent or of copper ions. Color development is 
complete in 30 minutes at about 30°, and longer standing at this 
stage does not affect the results. The curve relating temperature 
and color intensity is almost flat between 20-30°, temperatures 
outside of this range giving less color. This is particularly true 
of temperatures above 35°, owing to rapid destruction of the 
reagent. It is therefore important that the solution be well cooled 
after the 5 minute heating period and before the addition of the 
reagent, as otherwise low results will be obtained. The color of 
the mixture during the 30 minute incubation period is usually a 
blue-violet, and the appearance of a red-violet color at this stage, 
coupled with the disappearance of the precipitated reagent, is 
indicative of too high a temperature. 

Heating the solution for 90 seconds, after color development is 
complete, is for the purpose of clarifying the solution by destroy- 
ing excess reagent, and stabilizing the color. Heating from 1 to 2 
minutes at this stage does not affect results, but longer heating 
changes the spectral characteristics of the color, making it unsuit- 
able for measurement at 560 my. After the heated solution 
has been cooled, the color is quite stable for some time, a decrease 
of only about 5 per cent being noticeable after 3 hours at room 
temperature. 

A major source of error appears to be contamination of the 
sample by lactic acid itself, from the skin surfaces. It should be 
remembered that the standard solutions contain only a few parts 
per million of lactic acid. If a test-tube of distilled water is closed 
with the palm of the hand and shaken vigorously for a few min- 
utes, the resulting solution will contain about as much lactate 
assuch a standard. Duplicate analyses on a given copper-calcium 
filtrate are expected to agree within 2 per cent or less. When 
deviations greater than this have been obtained, and the analyses 
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repeated, the results have invariably indicated the presence of 
excess lactate as the source of error. Precautions against this 
type of contamination include the use of glass-stoppered vessels 
for aqueous solutions which are to be mixed or shaken, or the 
mouth of the vessel may be closed with a small square of Parafilm 
(fresh surface down) held in place by the finger tip. For wiping 
off the outside of pipettes, individual pieces of fresh cleansing 
tissue are recommended, and glassware should not be drained in 
contact with surfaces which are apt to be contaminated by dust 
or perspiration. These precautions may appear to be extreme, 
but experience has demonstrated their value. 

Other possible sources of error include inadequate mixing of the 
water and the viscous sulfuric acid during the analysis, and the 
presence of traces of chromic acid (from cleaning mixture) on the 
glassware. Glassware which has been cleaned with chromic acid - 
should be passed through an alkaline wash solution (soapy water, 
calgonite) before being rinsed and dried. With regard to adequate 
mixing, the use of wide test-tubes as specified will aid in this 
respect. Particular attention should be paid to mixing well 
after the addition of the p-hydroxydiphenyl, since this substance 
is quite insoluble in the concentrated acid mixture and must be 
uniformly dispersed if quantitative results are expected. 

Effect of Inorganic Ions on Color Development—The effect of 
inorganic ions on the color reaction between acetaldehyde and 
p-hydroxydiphenyl in concentrated sulfuric acid has been studied 
in the light of the observation recorded above that, while neither 
ferrous nor ferric iron alone is of appreciable analytical value, a 
suitable mixture of the two enhances color development signifi- 
cantly. Furthermore, the amounts of iron or copper which are 
necessary for optimal color development are several hundred 
times greater than the amount of acetaldehyde present and 
approach the order of magnitude of the p-hydroxydiphenyl 
concentration. These facts indicate that the effect of added ions 
is primarily on the p-hydroxydipheny] itself, and that the action 
involves oxidation-reduction equilibria of some kind. 

We therefore carried out some measurements of the E.M.F. of 
the p-hydroxydiphenyl-sulfuric acid mixture against a platinum 
electrode in the presence of those ions which we found to be of 
significance. The results obtained are illustrated by the data 
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of Fig.3. The left-hand section of Fig. 3 gives data on the relative 
color intensity and observed &.M.F. in the presence of varying 
proportions of ferrous and ferric ions. The right-hand section 
shows the influence of a single type of added ion, either ferrous, 
ferric, or cupric. 
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Fie. 3. The influence of added inorganic ions on the intensity of color 
obtained in the lactic acid method, and on the £.M.F. as measured against 
a platinum electrode. The left-hand chart gives data for mixtures of 
ferrous and ferric ions, while the right-hand chart refers to ferrous, ferric, or 
cupric ions alone. The symbol G refers to the appearance of a green color 
rather than the characteristic violet of the acetaldehyde reaction. 


The electrometric measurements were made with a smooth 
platinum electrode, a mercurous sulfate-saturated potassium 
sulfate half-cell as reference electrode, and a vacuum tube volt- 
meter. The system investigated consisted of 6 parts of concen- 
trated sulfuric acid and 1 part of water containing a few micro- 
grams of acetaldehyde (prepared from lactate by previous treat- 
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ment with hot concentrated sulfuric acid) and the inorganic ion 
or ions to be studied, together with 1.5 mg. of p-hydroxydiphenyl 
in suspension. In one series of measurements the p-hydroxy- 
dipheny] was omitted (curve labeled “without reagent”’ in Fig. 3), 
Liquid junction with the reference electrode was effected through a 
layer of saturated potassium sulfate solution over a restricted 
portion of the surface of the sulfuric acid-acetaldehyde mixture. 

Readings on each solution were begun immediately after the 
p-hydroxydiphenyl was added and the liquid junction effected, 
and were taken at intervals until constancy within 1 millivolt was 
obtained. This ordinarily required from 10 to 30 minutes, de- 
pending upon the experimental conditions. Since equilibrium 
was reached almost immediately in the absence of p-hydroxydi- 
phenyl, it is concluded that the potentials measured are determined 
to a certain extent by the rate of solution of the insoluble reagent. 
Despite this variable factor, readings under a given set of condi- 
tions were readily reproducible from day to day, even with regard 
to the rate of attainment of equilibrium. The least stable system 
electrometrically was that containing p-hydroxydipheny] without 
added ions, the potentials in this case having varying initial values 
and rarely reaching even approximate constancy. The uncer- 
tainty with regard to this point in Fig. 3 is indicated by the broken 
sections of the curves in the right-hand portion of the figure. 

The electrometric data are plotted in terms of the observed 
E.M.F. of the system rather than by reference to the normal hydro- 
gen electrode, since neither the electrode reaction nor the liquid 
junction potential or pH of the solution is known. The difficulties 
associated with the precise interpretation of potentiometric 
measurement in concentrated acid solution have been pointed 
out by Michaelis, Schubert, and Granick (13). 

Nevertheless, the data present certain significant points. We 
note a particular correlation between the observed values of the 
E.M.F. and the relative color intensity. Maximum color intensity 
with ferrous-ferric ion mixtures corresponds to an E.M.F. of be- 
tween —10 and —30 millivolts, and it is when this zone is reached 
by the addition of cupric ion that color intensity in the presence 
of this ion corresponds to that obtained with ferrous-ferric ion 
mixtures. Neither ferrous nor ferric ion alone gives an E.M.F. 
falling within this zone, and the color intensity under these condi- 
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tions is proportionately low. In the absence of added ions, the 
p.M.F., while quite variable, as stated above, always passes through 
the zone in question, and this is probably why any color at all is 
obtained under these conditions. 

The data also demonstrate why copper is superior to iron for 
colorenhancement. In the presence of variable amounts of cupric 
ion the E.M.F. is relatively stable within the zone associated with 
maximal color values, even though the color obtained with copper 
is not quite as great as when an optimal mixture of ferrous and 
ferric iron is used, so that a slight excess or deficit of cupric ion is 
without significance. For the ferrous-ferric mixture, on the other 
hand, the problem of how to maintain the proper ratio between 
the two ions becomes of importance, and an excess of ferric ion 
will produce a green color rather than the characteristic violet of 
the acetaldehyde reaction. 

We postulate therefore an oxidation-reduction equilibrium of 
some kind between p-hydroxydipheny] and certain inorganic ions, 
with the color reaction between this reagent and acetaldehyde 
markedly dependent upon the maintenance of the proper equilib- 
rium conditions. We plan a further study of this phenomenon, 
particularly with regard to defining more precisely the nature of 
the reactions involved, since the effect of inorganic ions noted 
here appears to be but one instance of a general condition. For 
instance, Dische and Laszlo (14) have found that cupric ions 
promote color development between hydroquinone and acetalde- 
hyde in concentrated sulfuric acid; Winkler (15) enhances color 
development in the Hopkins-Cole reaction for tryptophane by the 
addition of cupric ions; and we have noted that the Hopkins-Cole 
reaction is likewise susceptible to color enhancement in the pres- 
ence of a suitable mixture of ferrous and ferric ions. 


SUMMARY 


A method for the colorimetric determination of lactic acid in 
biological material is described, in which lactic acid is converted 
into acetaldehyde by treatment with concentrated sulfuric acid, 
and the acetaldehyde determined by its color reaction with p-hy- 
droxydipheny] in the presence of cupric ions. The color is read 
in a photoelectric colorimeter with a filter having a peak trans- 
mission at 560 mu. 
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The method is applicable to a variety of biological material, 
after deproteinization by any of the standard procedures. Com- 
parative analyses by other methods, as well as specificity studies 
on a large number of pure compounds, indicate that the pro- 
cedure has a high degree of specificity for lactic acid. The sensi- 
tivity of the method is such that color development is carried 
out on a portion of sample containing not over 5 to 10 y of lactic 
acid per cc., with differences of less than 0.1 y per cc. readily de- 
tectable. 

An electrometric study of the reaction between acetaldehyde 
and p-hydroxydiphenyl in concentrated sulfuric acid indicates 
that this reaction is dependent upon the establishment of an 
oxidation-reduction equilibrium of some kind, and that optimal 
conditions for color development are only obtained in the presence 
of certain inorganic ions. Data are presented showing the rela- 
tion between color development and the £.M.F. against a platinum 
electrode in the presence of these ions. 
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Since the discovery of vitamin Bs, several biological assay pro- 
cedures for this factor have been proposed (Gyérgy (1); Lunde 
and Kringstad (2); Wilson and Roy (3); Schneider et al. (4); 
Halliday and Evans (5); Edgar, El Sadr, and Macrae (6); Dimick 
and Schreffler (7); Reedman et al. (8)). These methods, with 
the exception of that of Edgar et al., are based upon the cure of 
acrodynia produced on a vitamin B,-deficient ration or upon a 
combination of growth and the cure of acrodynia of vitamin Be- 
depleted rats. Edgar et al. propose an assay based on the growth 
response alone. In light of the fact that factors other than vita- 
min Bs are concerned in the production and alleviation of der- 
matitis in the rat, methods involving the curing of dermatitis 
present difficulties in technique and interpretation (Birch (9); 
Schneider et al. (10)). Furthermore some workers have not been 
able to produce the dermatitis consistently (Dann (11)). 

The method described here is based entirely upon the growth 
response of vitamin B,-depleted rats supplemented either with 
synthetic pyridoxine or the substance to be assayed. Two rations 
are described. In Ration I a fullers’ earth filtrate of a butanol 
extract of 1:20 liver concentrate powder is used to supply panto- 
thenic acid and unidentified factors necessary for the rat. When 
synthetic pantothenic acid became available, Ration II was de- 
vised in which synthetic pantothenic acid and 0.25 per cent of 


* Published with the approval of the Director of the Wisconsin Agri- 
cultural Experiment Station. 

This work was supported in part by funds from the Works Progress 
Administration. 


555 











































556 Biological Estimation of Pyridoxine 


untreated 1:20 liver concentrate powder were substituted for the 
fullers’ earth preparation. This eliminated the necessity of pre- 
paring a purified liver concentrate and gave a ration that could 
be easily reproduced. On both these rations the growth response 
is proportional to the amount of pyridoxine administered. 


EXPERIMENTAL 


Preparation of Butanol Extract of 1:20 Liver Concentrate Powder 
—1 kilo of 1:20 liver concentrate powder (Wilson Laboratories) 
was dissolved in 1 liter of water. 5 liters of butanol were added 
and the mixture shaken in a mechanical shaker for 1 hour. The 
layers were allowed to separate and the butanol layer removed. 
Four more similar extractions were made with 5 liters of butanol 
each time. In the last three extractions, 200 to 300 cc. of water 
were added each time to prevent the aqueous layer from becoming 
too’thick to allow proper mixing and extraction. The butanol 
extracts were combined and concentrated undera vacuum. Water 
was added to aid in the removal of the last traces of butanol. 
The residue was taken up in 1 liter of water and allowed to stand 
overnight in the refrigerator. The insoluble material was re- 
moved by suction filtration and washed well with water. 

Preparation of Fullers’ Earth Filtrate of Butanol Extract of 1:20 
Liver Concentrate Powder—The above butanol extract was diluted 
to 2 liters with water and acidified to pH 1.5 with hydrochloric 
acid. 50 gm. of English fullers’ earth (A. Daigger and Company, 
Chicago) were added and the mixture shaken for $ hour. The 
fullers’ earth was removed by suction filtration. The absorption 
was repeated four times. The fullers’ earth fractions were com- 
bined and washed four times with 400 cc. of 0.1 N hydrochloric 
acid. These washings were combined and treated four times with 
15 gm. of fullers’ earth in the same manner as the main fraction. 
The main filtrate and the treated washings were combined, made 
just acid to litmus by the addition of sodium hydroxide, and then 
concentrated in vacuo to about 500 cc. The concentrate was 
filtered through Filter Cel and diluted to 1000 cc., so that 1 ce. 
of the concentrate was equivalent to 1 gm. of 1:20 liver concentrate 
powder. 

Assay Procedure—Male rats 21 days old were placed on the 
depletion rations (Table I) which were fed ad libitum. In Ration 
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the fullers’ earth filtrate was administered as a supplement each 
day at a level equivalent to 0.4 gm. of 1:20 liver concentrate 
powder per day. In 2 to 3 weeks a definite plateau in the growth 
rate resulted. 

Fig. 1 indicates the growth responses after the depletion period, 
at which time the rats were supplemented with either crystalline 
pyridoxine or a liver fraction. After the depletion period the 


TaBLe | 
Composition of Depletion Rations 














Ration I Ration IT 
gm. gm. 
i crweirewswewibons « « Veremapeiegeelenine 75 75 
Casein (Labco)............ ‘Pe. PAS iy: 18 18 
| , sav ewe el 4 4 
Corn oilf.... aes salt. of 3 3 
mg mg. 
i cinnien ton deemepe vege » sil tie 0.20 0.20 
Riboflavin... . LL welding s 6s ths eattd tee 0.30 0.30 
Nicotinic acid....... ’ nh ahaa Wate 2.5 2.5 
Choline ...... Seether 30.0 200.0 
Pantothenic acid........ Dey een wa 0.50 
1:20 liver concentrate powderf.................| 250.0 
ED ETE. ..5s'n 0. cudunthiantinn ten sopmmsiaiedann ae die | 2 drops 2 drops 





* Phillips and Hart’s salt mixture (12) with the MnSO,-4H,0 increased 
from 0.7 to 10 gm. per kilo of salt mixture. 

+ Corn oil is added to the remainder of the basal ration only in amounts 
sufficient to last about 1 week. 

t The 1:20 liver concentrate powder is incorporated into the ration by 
dissolving 10 gm. in 40 cc. of water and spreading with the aid of a pipette 
the proper volume together with aqueous solutions of the vitamins over a 
thin layer of casein. The casein is then dried at 30-40° and ground finely. 


control rats grew less than 2 gm. per week for the 5 week assay 
period, while those on 2, 5, and 10 y of pyridoxine per day grew 9, 
14, and 19 gm. per week respectively. Similarly on the liver 
fractions the growth responses were 9.5, 12, 16, and 24 gm. per 
week on the levels of 0.025, 0.05, 0.1, and 0.2 gm. per day respec- 
tively. These results demonstrate that the growth response is 
correlated with the amount of vitamin Bs administered. * 

In Ration II the liver concentrate powder and the pantothenic 
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Fia. 1. Growth responses of rats on Ration I to vitamin B, and Wilson’s 
liver fraction No. 41258. 

Fie. 2. A typical calibration curve of vitamin Bs, hydrochloride against 
the average gain per week. 








Tasie II 
Growth t Responses ¢ on Ration i with Various —_—— 
Supplement oe | “ae Fx :, | HCl P=. 
| 7 i’ gm. | Y per gm. 
Vitamin B, hydrochloride.........| 2 8 
we " Seas a 34 14 
et: ee ee | 6 | 19 | 
“e “ce oc 10 28 
gm. 
1:20 liver concentrate powder..... 0.05 9 45 
a... * > ‘aaa 0.10 16 
Liver Fraction B............. | 0.05 7 25 
“ “ nee oe . ; | 0.10 10 | 
» SN HA. Joa] 0.05 11.6 55 
Sam AL heameds., ye or i re 
Riboflavin concentrate (Commer- | 
cial Solvents Corporation).......,; 0.33 17 15 
Dried grass................. ie 13.5 8 





* To convert to vitamin B, content multiply by 0.82. 
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acid were incorporated directly in the basal rations. In 4 to 6 
weeks growth stopped entirely or the rate of growth was very 
poor. As in the case of the other ration the supplements were 
administered at this point. Table II designates the growth 
response of rats on Ration II to graded amounts of pyridoxine 
and certain materials assayed. In Fig. 2 the average growth re- 
sponses for the 5 week assay period are plotted against the level 
of pyridoxine hydrochloride. Each point represents the average 
of at least seven rats. The growth response shows a linear rela- 
tionship to the level of pyridoxine. On the basis of this stand- 
ardization the growth response to an unknown may be translated 
in terms of the amount of pyridoxine present in the material. 


DISCUSSION 


In the preparation of the fullers’ earth filtrate, a variable amount 
of the pantothenic acid content of the 1:20 liver concentrate 
powder may be lost. It would, therefore, be advisable to add 
synthetic pantothenic acid to Ration I to insure an adequate 
amount of this factor at all times. When sufficient pantothenic 
acid is present, rats will gain 28 to 30 gm. per week when supple- 
mented with adequate amounts of pyridoxine, thus indicating 
the completeness of the ration. Since the rats stopped growing 
in 2 to 3 weeks, the ration is very low in vitamin Bs. Conse- 
quently, it would be a suitable ration for physiological studies on 
vitamin Bs as well as for assay purposes. 

It was felt that in certain cases a simple ration which could be 
easily reproduced was desirable. With this in mind Ration II 
was designed. Since pantothenic acid can now be supplied in 
erystalline form, the liver concentrate can be reduced to a level 
of 0.25 per cent in the ration. Although at this level the liver 
concentrate contributes about 10 y of pyridoxine per 100 gm. of 
ration, the ration is still satisfactory for assay purposes. Ration 
II also contains a higher level of choline. Rats receiving 30 mg. 
of choline per 100 gm. of ration developed fatty livers. On 
autopsy the livers had a speckled appearance. Fat analysis of 
these livers gave values of about 6 per cent fat on the fresh basis. 
When the choline content of the ration was increased to 200 mg. 
per 100 gm. of ration, the fatty liver condition disappeared and the 
fat content was within normal limits. 
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The fact that 0.25 per cent of 1:20 liver concentrate powder 
may not supply optimum amounts of the unknown factors does 
not alter the usefulness of this simplified ration as an assay pro- 
cedure. When adequate amounts of pyridoxine are added to the 
ration, the rats gain 25 to 28 gm. per week. The levels of 2, 4, 
and 6 y of pyridoxine were found to be suitable suboptimal levels 
on which to establish a growth response relationship. Two groups 
of rats, one raised in the departmental stock colony and the other 
from a commercial source, responded quite similarly to this tech- 
nique. However, a standardization should be established for 
each particular group of rats used. 

On our rations no dermatitis has been noted during the deple- 
tion period. However, preliminary work indicates that if the 
casein level is increased to 30 per cent at the expense of the sucrose, 
the typical dermatitis results in 4 to 6 weeks. This may explain 
why some workers have not obtained dermatitis consistently and 
others have not been able to do so at all. Ration II contains 3 
per cent corn oil which supplies adequate amounts of linoleic acid. 
Some rations of other laboratories contain no fat or a fat low in 
linoleic acid such as butter fat or hydrogenated vegetable oils 
(Kuhn and Wendt (13); Schneider et al. (10); Halliday and Evans 
(14); Dann and Subbarow (15)). Other rations contain an in- 
creased amount of protein (Dimick and Schreffler (7); Lepkovsky 
et al. (16)). Whether the higher levels of protein actually increase 
the vitamin Bs requirement or are only related to the production 
of dermatitis remains to be studied. 


SUMMARY 


1. A biological assay method for pyridoxine is described in 
which either a fullers’ earth filtrate of butanol extract of 1:20 
liver concentrate powder is used as the source of unknown factors 
for the rat or 1:20 liver concentrate is used directly for this 


purpose. 
2. The pyridoxine content of several materials is given. 
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Copenhagen, Denmark) 


(Received for publication, November 26, 1940) 


In previous papers on this subject (1-3) the writer has reported 
studies showing, in contrast to previous views, that the blood 
of normal persons may contain a derivative of hemoglobin that is 
able to combine with CO only after reduction with sodium hypo- 
sulfite. In the following a report will be given of the results of 
82 examinations carried out in 1937-38 on normal persons by a 
modification of the method of Van Slyke and Hiller (4, 5) for 
determination of methemoglobin. 

Previously it was the prevailing view that the oxygen capacity 
(or the carbon monoxide capacity, which is equal to the oxygen 
capacity (6-8)) constitutes a measure of the total amount of 
hemoglobin in the blood except in certain pathological conditions 
(especially intoxications) associated with the presence of such 
derivatives of hemoglobin as sulfhemoglobin and methemoglobin, 
which are not able to combine with O, or CO. 

In recent years, however, various authors (Weise (9), Heilmeyer 
and Sundermann (10), Bierring, Nielsen, and Nielsen (11), 
Price-Jones (12)) have reported some observations suggesting 
that under certain circumstances the circulating blood may con- 
tain derivatives of hemoglobin or hemoglobin-like substances that 
are not recorded by the direct gasometric methods, whereas their 
presence is ascertained through the control determinations, 
whether these be colorimetric (11, 12), spectrophotometric (9, 
10), determinations of the iron content (9), or combinations of 
these methods. In several cases these authors found lower 
values for the hemoglobin content when it was estimated by the 
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oxygen capacity than when measured otherwise on whole blood, 
while this is claimed not to have been the case in determinations 
carried out on pure isolated hemoglobin. Some of the authors 
(9, 10), therefore, warn against application of the results obtained 
on purified hemoglobin solutions to whole blood, in which the 
conditions are considerably more complicated, and where Weise 
(9) at any rate thinks that inactive hemoglobin derivatives pos- 
sibly may occur. 

In normal blood Barkan and collaborators (13, 14) have found 
two hemoglobin-like substances, containing the so called “leicht 
abspaltbares Eisen,’’ which are designated as pseudohemoglobin 
and pseudomethemoglobin. The latter is said to be unable to 
combine with O, or CO, but treatment with sodium hyposulfite 
converts it into a substance which can take up O, or CO. 

Thus it may be said that recent investigations have raised a 
question about the correctness of the old view concerning the 
serviceability of the oxygen capacity as a measure for the total 
amount of hemoglobin in the normal blood. 

The following studies were carried out by a modification of Van 
Slyke and Hiller’s method for determination of methemoglobin. 
In this method the carbon monoxide-combining capacity of the 
blood is determined before and after reduction with Na2S.0,; 
the increase in CO capacity caused by Na2S.O, is taken as a 
measure of the methemoglobin, since methemoglobin, which does 
not combine with CO, is reduced by hyposulfite to normal re- 
duced hemoglobin, which combines quantitatively with CO. 
Since it appears possible that some hemoglobin derivatives, other 
than methemoglobin, may be measured by this method, we shall 
use the term “inactive hemoglobin” to designate the “‘methemo- 
globin” determined by the method of Van Slyke and Hiller. 


EXPERIMENTAL 


The method as described by Van Slyke and Hiller is employed, 
but with a few modifications, the more essential of which are the 
following. 

As suggested by Rappaport and Kéck-Molnar (15), instead of 
water as a diluent a strong solution of urea (500 gm. in 1000ce. 
of H,O) is employed; it prevents precipitation of protein. From 
Table I it appears that the results are not influenced by this 


change. 
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TaBe | 
Comparison between Analyses with Urea Solution and with Water for 
Dilution of Blood 
The results are given in terms of volumes per cent of CO capacity of 
the blood. 





Active Hb determined without | Total Hb determined after Na:Si0, 
NaeS:Ox treatment 





























addition 
Blood No. =" 
| Urea solution Water Urea solution Water 
a = * ees eae SE ee 
1 ae! sea oo 
2 17.64 17.48 | 
17.44 | 17.71 
3 | 18.20 | 18.07 
| 18.05 
TaBLeE II 
Variations Found in Subject E, A. (Female) Examined on Different Dates 
—. Inactive Hb caleu- 
Date Total Hb Active Hb a Some 
total and active 
ST vol. per cent vol. percent | vol. per cent 
Feb. 3 16.26 14.43 
16.50 — |. = 
wes 5 16.43 15.43 
16.43 sa. | 
Mar. 1 18.32 17.49 
18.16 17.32 0.08 
June 16 18.13 16.58 1.36 
18.05 16.87 | 
July 26 17.89 17.83 0 
17.59 17.76 | 
u 16.51 
29 16.96 16.38 | 0.51 
Aug. 20 16.53 16.51 
16.58 16.38 | 
Sept. 25 16.99 17.31 | 
Oct. 12 15.46 15.04 
1038 15.57 aa, | . ° 
Oct. 10 17.12 } 
17.45 16.90 | 0 














The shaking time, given by Van Slyke and Hiller as 1.5 min- 
utes, is prolonged to 3 minutes, as this gives more security. 
Instead of air-free 1 Nn NaOH a 5 N solution is employed for the 
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CO, absorption, as the 5 Nn solution need not be kept air-free. 
This change was found also not to alter the results. 

The blood was stabilized with potassium oxalate, and as a rule 
the analyses were carried out immediately after the blood sample 






































Taste III 
Results from Series of Normal Subjects 
Subject | Sex | Date | TotalHb | ActiveHb | Difference 
| C0 apacty | COcapacty | CO copucty 
E.K. | M. | July 6, 1937 21.09 20.60 | 0.49 
N. T. F. | Feb. 7, 1937 18.95 17.98 0.97 
J. E. M. | “ 25, 1937 22.95 22.55 0.40 
E. H. “ | Mar. 3, 1937 19.01 18.82 0 
A. N. F. “ 16, 1937 20.80 19.30 1.50 
D.N. ee “ 10, 1937 18.20 17.64 0.61 
P. P. M. | Sept. 9, 1937 20.90 20.27 0.63 
E. A. a “ 22, 1937 21.14 2.91 | O 
V. A. F. * 28, 1937 19.09 17.93 | 1.16 
J. F. M. | Oct. 20, 1937 19.30 18.16 1.14 
V. P. F. | “ 25, 1937 20.19 19.78 0.41 
? ? June 23, 1938 20.48 20.55 0 
Average.... OES ihe 20.18 19.54 0.61 
E.H. | F. | Feb. 4,1937| 17.69 17.02 0.67 
| “« 9, 1937 18.08 17.59 0.49 
M. K. “ | Oct. 15, 1937 20.01 18.30 1.71 
| Nov. 10, 1937 18.49 18.53 0 
M.F. | M. | Dee. 11, 1937 23.22 20.60 2.62 
| | Mar. 29, 1938} 22.13 20.59 | 1.52 
M.T. | “ | Feb. 22, 1937 19.88 19.88 | 0 
| Aug. 23, 1937 20.41 19.24 | 1.17 
Oct. 16,1937] 20.64 | 19.98 0.66 
| | Mar. 22,1938; 19.25 | 18.27 0.98 
M. P F. | Feb. 3,1987; 16.97 | 16.81 | 0 
| “ §6,1987; 16.50 | 16.59 | 0 
| Mar. 3,1937; 17.10 | 16.83 | 0 
| Sept. 1,1937/ 18.32 | 17.67 | 0.65 





was taken, but in a few cases later, though always within 24 hours. 
The CO capacity was found to undergo no change within this 
length of time when the blood was kept in the ice box, whereas 
the active CO capacity was decreased when the blood was left 
standing for a longer time. 
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Results 


Normal Subjects—Table II gives the results of duplicate analyses 
performed on blood samples drawn on ten different dates from one 
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Fie. 1. Proportion of inactive hemoglobin found in 82 examinations of 
blood from 53 normal subjects. The abscissae indicate percentages of 
blood specimens examined, not percentages of subjects. 
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Fic. 2. Concentrations of inactive hemoglobin, in terms of volumes per 
cent of CO capacity, found in 82 analyses of blood from 53 normal subjects. 
The abscissae indicate percentages of the blood specimens examined. 


subject. These data serve to show the consistency of the analyt- 
ieal results indicated by the agreement between duplicates, and 
to show the variations which can occur in the blood of a normal 
subject. 
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Table III gives some of the results obtained from 52 other nor- 
mal subjects, some of whom were examined two or four times, so 
that the total number of examinations was 72. Each value for 
CO capacity in Table III is the average of duplicate analyses. 

The results with normal subjects are summarized statistically 
in Figs. 1 and 2. Values for inactive hemoglobin indicated by 
less than 0.5 volume per cent of CO capacity may be considered 
as within the limit of possible error. 

Pathological Subjects—Single or repeated examinations have 
been carried out on the blood of thirty-five hospital patients with 
a variety of infectious and metabolic diseases, including poly- 
cythemia, myelogenous leucemia, pernicious anemia, aplastic 
anemia, disseminating sclerosis, and various infections. The inac- 
tive hemoglobin values showed in none of these conditions varia- 
tions exceeding those found in normal subjects. Hence the re- 
sults will not be reported in detail in this paper. 


DISCUSSION 


The analyses appear to show that a variable part of the hemo- 
globin circulating in the blood stream is present in a form able to 
combine with CO only after reduction with sodium hyposulfite. 
It has not been possible to demonstrate any cause of the variable 
amount of this abnormal hemoglobin in the blood. 

According to previous views, methemoglobin is the only known 
reducible derivative of hemoglobin that may occur in the blood 
(under pathological conditions), and it was natural therefore to 
think that the substance demonstrated in the present work was 
methemoglobin. It has not been practicable, however, with 
certainty to decide this question, as the substance could not be 
identified by ordinary spectroscopic examination. This was 
really not surprising, as it was found experimentally (3) that when 
hemoglobin was converted in part to methemoglobin by addition 
of potassium ferricyanide it was not possible with the spectro- 
scopes employed to see the spectrum of methemoglobin if the speci- 
men contained less than 15 to 20 per cent methemoglobin. (In 
some cases of intoxication, 15 to 25 per cent inactive hemoglobin 
was demonstrated by Van Slyke and Hiller’s method. In these 
cases there was a distinct methemoglobin spectrum with an 
absorption band at 630 yy (3).) 
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According to Conant, Scott, and Douglass (16), hematin is 
included in the total hemoglobin, not in the active, in analyses 
by Van Slyke and Hiller’s method. Accordingly, the substance 
found in the present analyses might possibly be hematin. 

That it might be sulfhemoglobin does not seem probable, as 
investigations reported so far have shown it to be non-reducible. 

So we have to assume that the demonstrated difference between 
the total and active hemoglobin contents of the blood is due to the 
oecasional occurrence of reducible hemoglobin derivatives, the 
composition of which has not been established. Possibly it may 
be methemoglobin (or hematin); or possibly this substance may 
be identical with the “pseudomethemoglobin” found by Barkan 


recently. 
SUMMARY 


Determinations of methemoglobin in the blood of 53 normal 
subjects have been made by the method of Van Slyke and Hiller 
(8), in which the increase in carbon monoxide capacity caused by 
treating blood with Na2S.O, is used as a measure of the methemo- 
globin. The method was modified by using concentrated urea 
solution instead of water to dilute the blood. The “methemo- 
globin” determined by this method is called “inactive hemo- 
globin,” because its identity appears uncertain. 

In 60 per cent of the normal blood specimens examined the inac- 
tive hemoglobin found was equivalent to less than 0.5 volume per 
cent of CO capacity, which may be within the limit of error. In 40 
per cent, however, inactive hemoglobin equivalent to from 0.5 
to 2.5 volumes per cent of CO capacity was found. The same 
subject examined on different days might show sometimes more, 
sometimes less, inactive hemoglobin than corresponds to 0.5 
volume per cent of CO capacity. 

A series of thirty-five hospital patients with various blood and 
other diseases gave similar figures. No disease was found in 
which high inactive hemoglobin was characteristic. 

Inactive hemoglobin is so frequently a significant part of the 
total hemoglobin that determinations of oxygen or carbon monox- 
ide capacities do not appear to be accurate measures of the total 
hemoglobin content of blood. 
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Choline synthesis in the rat is intimated by the fact that 
methionine can replace choline in preventing fatty livers (1), and 
by the observation that labeled methyl groups can be transferred 
from methionine to choline (2). However, the development of 
fatty livers (3) and of hemorrhagic kidneys (4) and the restricted 
growth (5, 6) in rats on low choline diets all suggest that pre- 
formed choline must be supplied in the diet for optimal physio- 
logical performance in this species. Choline appears to be an 
indispensable constituent of the diet for the chicken (7, 8). It 
is therefore desirable to have information on the choline content 
of the tissues of rats maintained on diets low in choline. This 
was obtained by means of a direct analytical technique. 


Methods 


Reactions which have been used for the determination of 
choline include its oxidation to trimethylamine (9), the formation 
of an insoluble complex with iodine (10, 11), the isolation of the 
chloroplatinate or chloroaurate (12, 13), and the precipitation 
of choline as the reineckate (14). In the latter method choline 
reineckate is separated from other reineckates by virtue of its 
insolubility in water and ethyl alcohol. When dissolved in ace- 
tone, it forms a red solution which can be measured colorimetri- 
cally. A method based on this reaction was studied in detail, 


* Published with the approval of the Director of the Wisconsin Agri- 
cultural Experiment Station. Supported in part by a grant from the 
Wisconsin Alumni Research Foundation. 
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either the Bausch and Lomb spectrophotometer or the Evelyn 
photoelectric colorimeter being used to measure color intensity, 

Chemical Determination of Choline—Approximately 1 gm. of the 
fresh tissue was weighed in 4 tared evaporating dish and 10 ee, 
of 1:1 aleohol-ether mixture added plus sufficient sea sand to 
cover the tip of a spatula. The tissue was then ground to a pulp 
with a pestle, and the pestle washed off several times with 1:1 
alcohol-ether mixture. The volume at this point was about 20 
ec. The dish was then covered with a watch-glass, and the 
mixture boiled gently for 3 minutes. The solution was cooled, 
filtered, and the filtrate evaporated to near dryness on a steam 
bath. The concentrate was saponified for 2 hours at 80° with 
15 ce. of saturated Ba(OH), and then neutralized to phenol- 
phthalein, with acetic acid. The insoluble material was filtered 
onto an asbestos pad and 5 cc. of 2 per cent ammonium reineckate 
in methanol added to the filtrate. The mixture was allowed to 
stand in the cold for 12 hours to insure complete precipitation. 

The insoluble reineckate was then filtered with suction onto an 
asbestos pad supported by a Gooch button in the bottom of a 
short stemmed funnel, and washed with cold 95 per cent alcohol 
until the washings were colorless. The residue was then dissolved 
off the pad with acetone, and the pad washed with more acetone 
until colorless. The combined acetone solutions, 8 to 10 cc., were 
then filtered through Whatman No. 40 filter paper into an Evelyn 
colorimeter tube and the color intensity measured in an Evelyn 
photoelectric colorimeter, with a filter which transmits light at 
520 mu. Finally the volume of the solution was measured 
with a burette. 

The constant for the colorimeter was obtained by averaging the 
results of forty-one determinations made over a period of 16 
months on five standard solutions. K = 747 (15), where 


micrograms choline yet 
volume of solution X (2 —(log galvanometer reading)) 





The maximum deviation from this value was 8 per cent, the usual 
deviation, 2 per cent or less. The absorption of light was found 
to be a linear function of concentration over the range of concen- 
trations studied, 0.5 mg. to 9 mg. One constant, therefore, was 
applicable to all determinations made in this range. The ac- 
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curacy was greatest when relatively large amounts of choline were 
determined; the method did not yield reproducible results for 
amounts of choline less than 0.5 mg. 

The reagents used in the above procedure were selected for the 
following reasons. The ammonium reineckate was added in 
methanol rather than in water (14) because of its greater solu- 
bility in methanol. The addition of the requisite excess of 
reineckate was thus achieved without the introduction of incon- 
veniently large volumes. Precipitation was as complete in 
aqueous methanol as in water. Choline could be cleaved quan- 


32+ 
rhe 28 | 
to 
8 
out 
-20 4 i -" " iL 











520 BuO 500 —S« BO 


Fic. 1. The absorption spectrum (my) of choline reineckate in acetone. 
lec. = 0.575 mg. of choline, viewed through 1 em. 


titatively from egg lecithin when heated with saturated Ba(OH). 
for 1 hour at 60°. Thus, a purified preparation (16) with a P 
content of 3.92 per cent (theoretical, 3.99 per cent) was found to 
have a choline content of 16.9 per cent (16.50 to 17.56 per cent). 
The theoretical choline content was 17.92 per cent. For routine 
determinations, hydrolysis was effected by heating for 2 hours 
at 80° because of the possibility that choline complexes in tissue 
other than lecithin might be more resistant to hydrolysis. Choline 
was found to be stable under the latter conditions. Acetic acid 
was used to neutralize the Ba(OH). after hydrolysis, because 
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barium acetate did not interfere with the subsequent precipitation 
of choline reineckate. HCl, HNOs;, or H.SO, yielded variable 
results. 

When the spectrophotometer was used to measure color in- 
tensity, the maximum absorption of choline reineckate in acetone 
was between 520 and 530 mu (Fig. 1). The intensity of absorp- 
tion at 525 my was expressed according to the formula E = 1/ed 
log Jo/I, when E = extinction coefficient, ¢ = concentration, 
d = depth of solution, and IJ,/J = ratio of the intensity of the 
incident light to the intensity of the transmitted light. Ata 
depth of 1 cm. and for a concentration of 1 mg. of choline as choline 
reineckate per cc. the extinction coefficient was 0.572. This was 
the average of fourteen determinations made on two standard 
solutions containing 1.5 or 3.0 mg. of choline per cc. The values 
for the extinction coefficient varied from 0.511 to 0.669. 


EXPERIMENTAL 


The basal choline-free ration consisted of steamed egg white 
18, corn oil 5, Wesson (17) salt mixture 4, cerelose 73. It was 
supplemented with 20 y of riboflavin and 10 y of thiamine dis- 
solved in n/28 acetic acid, with 10 y of carotene and 5 7 of cal- 
ciferol dissolved in partially hydrogenated coconut oil, and with 
4 drops of choline-free rice bran concentrate! per rat per day. 
An analysis of 100 gm. of the basal ration failed to reveal any 
choline. 

The choline-free rice bran concentrate was prepared as follows: 
a measured volume of concentrate! was diluted with an equal 
volume of water and 1 gm. of ammonium reineckate in methanol 
added for every 30 cc. of concentrate. The mixture was allowed 
to stand in the cold for 12 hours and the insoluble reineckate 
filtered off and washed with cold water. The filtrate was then 
concentrated in vacuo at a temperature not exceeding 60° until 
most of the methy] alcohol had been driven off. 3.5 cc. of pyridine 
were then added for every gm. of ammonium reineckate originally 
used. The insoluble precipitate of pyridine reineckate was fil- 
tered off after standing for several hours in the cold, the excess 
pyridine removed in vacuo, and the choline-free concentrate 
finally reduced to the original volume. 


1 Vitab Products, Inc., Emeryville, California. 
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For a study of the choline content of rats on various diets, 
twenty-six animals weighing 38 to 55 gm. were divided into eight 
groups comparable as to age, sex, and weight. Group 1, four 
rats, was killed for analysis at the beginning of the experiment. 
Group 2, seven rats, received the choline-free diet. Group 3, 
three rats, received the choline-free diet to which 35 per cent of 
hydrogenated vegetable oil? had been added at the expense of 
the cerelose. Group 4, two rats, received the choline-free diet 
supplemented with 7 mg. of choline per rat per day. Group 5, 
three rats, received a diet in which water and alcohol-extracted 
casein (18) replaced the egg white of the choline-free diet. No 
choline could be detected in 18 gm. of the casein. Group 6, two 
rats, received the same diet as Group 5 plus 0.5 per cent cystine. 
Group 7, three rats, received the same diet as Group 5 with the 
casein content increased to 40 per cent at the expense of the 
cerelose. Group 8, two rats, received a standard stock ration.’ 

The animals were kept in individual cages on screens, and were 
fed ad libitum. When the animals of Groups 2 to 8 had increased 
their weights at least 3-fold, they were killed, and the kidneys, 
liver, and brain removed and analyzed individually for choline. 
The remainder of the rat, designated as “carcass,’’ was minced in 
a meat grinder, and extracted twice with 500 cc. portions of a 1:1 
alcohol-ether mixture for 1 hour on a steam bath. 20 cc. aliquots 
of the combined filtrates were then analyzed for choline by the 


usual procedure. 
Results 


The animals on the various diets grew at a slow but continuous 
rate, the average weekly gain being 10 gm. Failure to obtain 
normal growth was apparently due to a deficiency of essential 
growth factors in the choline-free rice bran extract. The addition 
of choline to the choline-free diet failed to increase the rate of 
growth. 

The results of the analyses clearly indicated that the rats had 
synthesized choline while on the choline-free diet. At the be- 
ginning of the experiment the choline content of the rats ranged 
from 38 to 51 mg., average 43 mg. (Table I, Group 1). After 8 


* Primex. 
*H. Steenbock, unpublished data. 
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to 18 weeks on the choline-free diet the content of the animals 
ranged from 118 to 209 mg., average 151 mg. (Group 2). The 
increase in choline therefore was 108 mg. As much as 76 mg. 
of choline was synthesized over an 8 week period by one animal, 


TaBLe I 
Choline Content of Rats on Various Choline-Free Diets 









































- Total choline 
sd 
| Kidney | Liver Brain Carcass: Total 
gm | mg. mg. mg. | mg. | mg. 
1 | Stock 3 | 0.9 | 3.7) 4.3 | 29 | 387.9 
40 | 0.7 3.9 | 3.4} 31 | 39.0 
| 49 | 1.2] 3.2/3.5] 43] 50.9 
| § | 0.9| 3.3] 3.7| 37] 449 
2 | Choline-free | 8.1 | 138 | 2.0 | 7.5) 4.0 | 105 | 118.5 
9.4 | 140 | 2.4) 7.5! 3.9 | 109 | 122.8 
12.6 | 178 | 2.9 | 15.0| 5.0 | 117 | 189.9 
15.0 | 184 | 4.8 | 12.1] 5.2 | 160 | 182.1 
15.0 | 192 | 2.6 | 17.5| 5.2 | 184 | 209.3 
16.4 | 167 | 2.0 | 10.4| 4.1 | 139 | 155.5 
17.6 | 164 | 2.8 | 12.9} 4.6 | 106 | 126.3 
3 | High fat, cho-| 16.3 | 225 | 2.2 | 12.7| 3.4 | 111 | 129.3 
line-free 16.3 230 2.9 | 17.9 | 5.1 | 135 | 160.9 
16.3 | 230 | 2.9 | 18.7| 4.9 | 108 | 134.5 
4 | Choline-free + | 16.2 | 220 | 2.5 | 13.5| 4.8 | 179 | 199.8 
choline 16.2 225 2.2 | 12.8) 4.2 144 | 163.2 
5 | Casein 15.0 | 168 | 2.6 | 14.0) 5.0 | 128 | 149.6 
15.0 | 170 | 2.8 | 13.3| 4.7 | 134 | 154.3 
15.0 | 214 | 4.5 | 17.5| 3.0 | 140 | 165.0 
6 “ +4 0.5%} 15.0 |} 198 | 2.3 | 13.1| 5.6 | 142 | 163.0 
cystine 15.0 | 205 | 3.7 | 16.9/ 5.3 | 169 | 194.9 
7 High casein 15.0 120 1.5 | 11.6/ 4.1 88 | 105.2 
15.0 | 196 | 2.4 | 17.5) 5.2 | 145 | 170.1 
15.0 | 258 | 2.5 | 27.6! 5.7 | 191 | 226.8 
8 | Stock | 3.7 | 165 | 3.4 | 16.5| 4.9 | 114 | 138.8 
| 4.9 | 220 | 3.0 | 19.2) 5.2 | 147 | 174.4 





The consumption of the basal ration during the experiment was 
500 to 1500 gm. per rat, depending on the length of the experi- 
mental period. 100 gm. of ration contained less choline than could 
be detected chemically. Assuming that 0.1 mg. of choline was 
present per 100 gm., the maximum amount which could have 
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been consumed by any one rat during the experimental period 
was 15 X 0.1 or 1.5 mg., a negligible amount compared to the 
108 mg. average increase observed per animal. 

This increase in choline content was general throughout the 
body. The increase in any one tissue was approximately pro- 
portional to the increase in weight and the increase in choline 
content of the entire animal also paralleled the increase in weight, 
roughly 0.8 to 0.9 mg. of choline being present per gm. of rat 
whether choline was supplied in the diet or not. Animals on the 
choline-free diet (Group 2) contained approximately the same 
amount of choline as rats of similar weight raised on the stock diet 
(Group 8). The addition of 35 per cent fat (Group 3) to the 
choline-free diet appeared to reduce the choline content of the 
rats somewhat. The choline content per gm. of rat on the high 
fat diet ranged from 0.58 to 0.70 mg., average 0.62 mg. The 
average for the rats on the other diets (Groups 2, and 4 to 8) was 
0.86 mg. of choline per gm. of rat, ranging from 0.73 to 1.1 mg. 
The other dietary variations employed, namely high choline (Group 
4), replacement of egg white by casein (Group 5), high cystine 
(Group 6), and high casein (Group 7), did not alter appreciably 
the choline content of the rats. The experiments as performed 
did not indicate whether choline was synthesized by the tissues 
themselves or by the bacteria of the gastrointestinal tract. If the 
latter were true, choline might be expected in the feces. However, 
no choline could be detected in a 7 day specimen of the feces of 
two rats on a choline-free diet. 

Biological Assay 

The question remained whether the increase in choline as meas- 
ured by the reineckate method represented only choline, or whether 
other substances in rat tissue yielded alcohol-insoluble, acetone- 
soluble reineckates. In other words, the specificity of the method 
had still to be demonstrated. This was done by comparing our 
chemical results with those obtained with a highly specific bio- 
logical method; viz., the contraction of rectus abdominis muscle 
of the frog in the presence of acetylcholine and eserine. 

The procedure employed was essentially that of Chang and 
Gaddum (19). The muscle was removed from the frog and 
allowed to bathe for 10 minutes in a Locke’s solution containing 
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1 mg. of eserine salicylate in 100 cc. and agitated with a stream of 
air. The solution was prepared as follows (20): 38 cc. of water 
were added to 100 cc. of stock solution containing 0.9 per cent 
NaCl, 0.016 per cent CaCle, 0.0207 per cent KCl, 0.022 per cent 
NaHCoO;,, and 0.1 per cent glucose. The resulting mixture had 
the correct osmotic pressure for the tissues of cold blooded animals. 

The muscle was then mounted in a bath consisting of an upright 
tube 8 cm. long and 2.5 cm. in diameter. The lower end of the 
tube was fitted with a rubber stopper bearing a stop-cock, a 
capillary tube, and a small wire hook. The stop-cock was used 
for draining the bath, the capillary for passing air into the bath, 
and the hook for attaching one end of the muscle. The other 
end of the muscle was attached by an S-hook to a silk string which 
ran over a pulley to a light lever, recording contractions on a 
slowly revolving kymograph. The test contractions were elicited 
by solutions of acetylcholine which were placed in the bath, im- 
mersing the muscle for a standard period of 6 minutes. The 
amounts of acetylcholine ranged from 0.5 to 2.0 y per 20 ce. of 
Locke’s solution. 0.2 cc. of 0.1 per cent eserine salicylate in 
Locke’s solution was added to each of the 20 cc. aliquots which 
bathed the muscle. Consistent results were obtained only when 
precautions were taken to overcome the friction of the lever on 
the sooted drum. This was accomplished by gently tapping 
the rubber stopper of the bath with a pencil. 

When the contraction period (6 minutes) was over, the solution 
was drained out of the bath, and the muscle washed three times 
over a 5 minute period with Locke’s solution containing eserine. 
Complete relaxation was obtained, and the muscle was then ready 
for contraction in the presence of some other concentration of 
acetylcholine, or of a sample to be assayed. Under proper con- 
ditions of washing and aeration, muscle samples retained their 
sensitivity for several hours. The assays of unknowns were 
always preceded and followed by the measurement of contractions 
in the presence of at least two known concentrations of acetyl- 
choline. Identical results were obtained with commercial acetyl- 
choline or with choline chloride which had been acetylated by the 
method of Abderhalden and Paffrath (21). 

For the comparison of chemical and biological methods two 
fractions from rat tissues were employed: (a) the crude alcohol- 
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ether extract of the tissues, and (6) the precipitated choline 
reineckate fraction. The former was prepared for analysis by a 
modification of the technique of Fletcher, Best, and Solandt (22). 
A 20 cc. aliquot was pipetted into a 250 cc. round bottom flask 
and evaporated to near dryness on a steam bath. 40 cc. of 18 
per cent HCl were added and the mixture refluxed for 1 hour. 
The HCl was then removed by evaporating to near dryness in 
vacuo and 30 cc. of water added. The solution was extracted with 
twice the volume of ether to Temove fatty acids and unhydrolyzed 


TABLe II 


Determination of Choline Content of Rat Tissue by Chemical and Biological 
Methods of Assay 























Choline 
Determination No. | Acetylation of 
Chemical | Bioassay 
Y Y 
1| Duplicate | Alcohol-ether extract 2212 2050 
2} aliquots 2125 2050 
: | eT ‘ ‘ 2140 2130 
4 2108 2360 
7 “ ” Decomposed reineckates cee a 
7 " * 4900 4500 
mg. mg. 
8 a choline reineckate | 15.8* 18.5 
| prepared from weighed samples 
| of choline 
9 4 * | 45.1* 45.0 
10 | Weighed sample of choline | 26.8* 27.2 
* Weighed. 


fat. The ether extract was washed twice with 20 cc. portions of 
water and the washings returned to the mother liquor. The 
combined solutions were then evaporated to dryness in vacuo at 
a temperature not exceeding 60°. Small portions of absolute 
alcohol were added and evaporated off to remove the last traces 
of water. The residual choline chloride was then acetylated 
(21) by adding 25 ce. of glacial acetic acid and 5 cc. of acetic 
anhydride to the residue and refluxing for 2 hours. The solution 
was evaporated to complete dryness at 60°, a small portion of 
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absolute alcohol added, and the evaporation repeated. The 
residue was transferred to a 100 cc. volumetric flask and made up 
to volume with Locke’s solution, and assayed according to the 
above procedure. 

For the biological assay of choline reineckate the following 
procedure was employed: An acetone solution of the reineckate 
was diluted with an equal volume of water and treated with twice 
the theoretical amount of silver sulfate dissolved in a minimum 
of water. The mixture was allowed to stand in the cold for 12 
hours, and the insoluble silver reineckate filtered off through an 
asbestos pad and washed several times with a 1:1 acetone-water 
mixture. The calculated amount of BaCl, necessary to precipi- 
tate the excess silver sulfate was then added to the filtrate and 
the precipitated BaSO, and AgCl filtered off. The filtrate was 
evaporated to complete dryness and acetylated as before. 

The most pertinent results were obtained with choline fractions 
from rats which had increased their choline content while on a 
choline-free diet. The results (Table II) indicate a good agree- 
ment between the chemical and biological methods of assay, 
variations being within the limits of error of the latter method. 
In other words, “choline” as determined in rat tissue by the 
reineckate method consisted only of choline, and the increased 
choline content of the tissues represented a true biological 


synthesis. 
DISCUSSION 


The choline content of the tissues as determined by the 
reineckate method agrees satisfactorily with the results obtained by 
Best and coworkers (22) using a biological assay. Liver, kidney, 
and brain have an average total choline content of 2.3, 2.0, and 
3.0 mg. of choline per gm. of tissue, respectively. The constancy 
of the amount of choline in any given tissue, despite dietary varia- 
tions, indicates that the rat is able to catabolize choline rapidly 
as well as to synthesize it. The existence of a choline oxidase in 
tissues has been reported by Bernheim and Bernheim (23). 

The work of du Vigneaud et al. (2) would suggest that 
methionine can function in methylating an unknown precursor 
to form choline. Inasmuch as all the diets used in the present 
study were adequate with respect to methionine, the source of the 
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methyl groups in the choline synthesized by the rats is probably 
accounted for. 

In spite of the demonstrated ability of the rat to synthesize 
choline, the need for it in preventing fatty livers (3) and kidney 
degeneration (4) would suggest that the rat can synthesize choline 
only at a limited rate. This may not be great enough to satisfy 
the needs of the animal at all periods of the life span or under all 
dietary conditions. In other words choline might be regarded 
as a semidispensable constituent of the diet, roughly comparable 
in this respect to arginine. 


SUMMARY 


The choline content of rats on choline-free diets increased with 
the weight of the animals, thus indicating choline synthesis. As 
much as 76 mg. of choline was synthesized over an 8 week period 
by one animal. Choline synthesis was reduced somewhat on a 
diet high in fat, but other variations in the low choline diet, high 
protein, high cystine, and a change of protein, as well as the addi- 
tion of choline, were without marked effect on the choline content 
of the tissues. 

Details are given for the determination of choline by the 
reineckate method, and also by the biological method with contrac- 
tion experiments with frog muscle. Results obtained by the two 
methods agree satisfactorily. 
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This investigation of the changes in water and electrolyte dis- 
tribution in skeletal muscle following an experimental increase 
in body potassium and total body water is a continuation of 
previous studies. Data will be presented on the volumes of 
extracellular and intracellular phases of skeletal muscle of normal 
dogs, both before and after increases in potassium and total body 
water produced by the intravenous injection of an isotonic solu- 
tion containing potassium. These findings will be compared 
statistically with those obtained both previous to and following 
the intravenous injection of an isotonic solution of sodium chloride 
on normal animals serving as controls. 

In addition, there will be included analyses of liver from a group 
of normal animals, both before and after the injection of the 
potassium salts. These data will be compared with those for 
the skeletal muscle for the purpose of determining whether in- 
jected potassium is concentrated in certain tissue cells. These 
findings will add more experimental evidence to the tentative 
conclusions of Fenn (1) that the liver has some special ability to 
absorb injected potassium. 


EXPERIMENTAL 


Normal dogs were used for all injections. All dogs were 
maintained under observation in metabolism cages for approxi- 
mately 2 weeks and were in excellent physical condition at the 


* A preliminary report has appeared (Proc. Am. Soc. Biol. Chem., J. Biol. 
Chem., 188, p. xxviii (1940)). 
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time of experimentation. Before an experiment was carried out, 
the dog was weighed and anesthetized with sodium barbital ag 
in previous experiments (2). After about an hour, the dog was 
placed on an operating board, the bladder catheterized for the 
collection of urine during the entire experimental period, and a 
cannula introduced into the carotid artery for continuous blood 
pressure tracings. Blood was taken under oil with a cannula in the 
femoral artery, and one rectus abdominis muscle was removed 
for the initial analyses. 

The salt solution, warmed to 38°, was then injected by gravity 
through the femoral vein. The safe maximum speed of injection 
for potassium ions of a concentration as used in these experiments 
was found to be 32 to 35 cc. per minute. A faster rate caused 
toxic effects on the heart. The injection required from 50 to 
60 minutes, after which 30 minutes were allowed to elapse before 
a second sample of blood was withdrawn, and the rectus abdominis 
muscle on the opposite side removed for the final analyses. The 
peritoneal fluid was then removed as completely as possible, the 
last traces by means of a sponge. In the group of dogs in which 
the changes in the liver were considered, the initial sample of liver 
for analysis was taken by biopsy at least 3 weeks before the in- 
jection experiment was carried out. The final sample of liver 
was then taken following the removal of the second rectus ab- 
dominis muscle. 

The study included two groups of experiments: (1) Five normal 
animals received intravenous injections of 170 cc. per kilo of body 
weight of an isotonic salt solution consisting of 129 mm of NaCl 
+ 25 mm of NaHCO,; (2) twenty normal animals received in- 
travenous injections of 170 cc. per kilo of body weight of an isotonic 
salt solution consisting of 129 mm of NaCl + 25 mm of KHCO,,. 
In a number of experiments, animals were given intravenously 
170 ec. per kilo of body weight of a solution consisting of 119 
mM of NaCl + 35 mm of KHCO;. However, potassium in these 
amounts was found to be too toxic for these experiments. 


Chemical Methods 


The chemical methods for blood and skeletal muscle analyses 
were the same as those used in previous studies (3, 4). The blood 
was defibrinated for whole blood analysis. In all cases, both 
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whole blood and serum were analyzed for water, sodium, potas- 
sium, and chloride. Cell volume was also determined. Liver 
and skeletal muscle were analyzed for fat, blood, water, sodium, 
potassium, and chloride. The determination of blood depended 
upon the colorimetric comparison of the amount of hemoglobin 
in the tissue with that of the whole blood taken as nearly simul- 
taneously as possible with the tissue. The volume of blood cir- 
culating in liver tissue being very large, to avoid loss the piece 
cut at biopsy was dropped instantly into a weighing bottle. 
The tissue was then minced with scissors and dried to constant 
weight in an oven at 101°. After the dried tissue was extracted 
for neutral fat, it was transferred quantitatively to a special 
apparatus and pulverized.! 

Preparation of the dried liver for analysis and the ‘analytical 
methods were the same as reported for kidney tissue in a former 
paper (6). 

For the calculation of the volumes of extra- and intracellular 
fluids in tissues, the method previously described (2) was used. 

The amounts of extracellular phase (Ff) in gm. per kilo of 
muscle were calculated from the equation 


uw) (Cl) « X (H:0), X 1000 
1.04 X (Cl), 





(F) 


in which the subscripts M and s represent muscle and serum re- 
spectively. From the values for (F), the intracellular phase 
(C) per kilo of muscle was estimated by the equation (C) = 1000 
— (F). 

Both the liver and muscle analyses are reported in terms of 
fat-free, blood-free tissue. Since the muscle analyses are cor- 
rected for blood as well as for fat, the control data on the muscle 
of normal dogs previously reported on a fat-free basis only could 
not be used here. Some error may occur as a result of these 


‘This apparatus made from stainless steel (Graeser, Ginsberg, and 
Friedemann (5)) consists of a base 7.1 cm. in diameter permanently at- 
tached to a round, solid piece of steel 2.5 cm. in diameter and 0.5 em. high, 
which serves as an anvil upon which the dry tissue is crushed. The anvil 
is surrounded by a permanent steel cylinder 7.7 cm. in diameter X 6.7 em. 
high. The removable cylinder, 2.6 em. in diameter X 5.1 em. high, rests 
upon the anvil. The plunger, which fits into the removable cylinder, is 
2.5em. in diameter and 7.5 cm. high. 
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corrections, because it must be assumed that the concentration 
of the red cells in the tissue capillaries is the same as that in the 
arteries. It is interesting to note that the average amount of 
blood in the skeletal muscle as removed from the living dogs was 
very constant, 71 cc. per kilo of muscle, ¢ +11; while the average 
amount in the liver as removed at biopsy was 197 cc. per kilo, 
o +30. 
Results 


Twenty-five experiments were performed, including five control 
animals and twenty animals receiving the intravenous injection 
of potassium. 


Muscle Changes in Normal Dogs Following Isotonic Sodium 
Chloride Injections 


Control Animals—The results, both preceding (initial) and 
following (final) the increase in total body water, are presented in 
detail in Table I for two representative experiments. In these 
normal animals the increase in total body water was produced by 
the intravenous injection of 170 cc. per kilo of body weight of a 
salt solution containing 25 mm of NaHCO; + 129 mm of NaCl 
per liter. This group of dogs was regarded as controls. 

In all of these experiments there was little change in the blood 
pressure during and following the injection. 

Muscle Phase Volumes—From such data as given in Table I, 
the extra- and intracellular phases and the intracellular water 
have been calculated by the method described above. These 
data with standard deviations are given in Table III. Before 
injection, the normal extracellular phase of 1 kilo of skeletal 
muscle amounted to 155 gm. with a standard deviation (¢) of 
+19.0 gm., and the intracellular phase amounted to 845 gm., 
+19.0 gm. Following the injection, the increase produced in 
the bulk of 1 kilo of muscle amounted to an average of 48 gm., 
+8 gm. per kilo of original muscle, which consisted of a 52 gm. 
increase in the extracellular phase and a —4 gm. decrease in the 
intracellular phase. Therefore, the experimental edema pro- 
duced in a kilo of fat-free, blood-free skeletal muscle following an 
increase in total body water produced by the injection of isotonic 
sodium chloride solution was entirely accounted for by an increase 
in the extracellular phase of the skeletal muscle. 
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Muscle Changes in Normal Dogs Following Isotonic Salt Solution 
Containing Potassium 


The results of two typical experiments, both preceding and 
following the increase in total body water and potassium are 
presented in Table II. The increase in total body water and 
potassium was produced by the intravenous injection of 170 ee. 
per kilo of body weight of a salt solution containing 25 mm of 
KHCO; + 129 mm of NaCl per liter. 

In most of these experiments there was little change in the blood 
pressure, either during or following the injection. In three animals 
of this group, however, there were definite toxic heart reactions 
during the injection period. 

Since the rate of excretion of potassium by the kidneys is gen- 
erally rapid in dogs, the concentration retained in the organism 
in these experiments is shown by Table IV. 

In the individual animals no correlation was found between 
the level of serum potassium and the potassium in skeletal 
muscle, which agrees with the findings of Darrow, Harrison, 
and Taffel (7). Although the present series of dogs was fed the 
same diet of alternate feedings of meat and dog chow,? the content 

; of potassium in the skeletal muscle varied from 93.4 to 109.5 
mo per kilo of fat-free, blood-free muscle, while the potassium in 
the serum did not vary proportionately with the muscle potassium. 

Muscle Phase Volumes—From such data as given in Table II, 
the muscle phase volumes with standard deviations were caleu- 
lated and are shown in Table III. After the injection, the in- 
crease produced in the bulk of 1 kilo of original muscle amounted 

, to an average of 58 gm., ¢ +23 gm., which consisted of a 33 gm., 
; o +47, increase in the extracellular phase and a 25 gm., ¢ +37, 
increase in the intracellular phase. Therefore, the experimental 
edema produced in 1 kilo of fat-free, blood-free skeletal muscle 
following the increase in total body water and total body potassium 
resulted from variable increases in both the extra- and intra- 
cellular phases. 

Tissue Analyses—In order to show the changes in proportions 
of water, chloride, sodium, and potassium in muscle and liver 
following the increases in total body water and potassium, the 
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tissue analyses are expressed per 100 gm. of fat-free, blood-free 
solids and are summarized in Table V. It already has been 
pointed out (2) that the total water content of the tissue and con- 
sequently the total tissue solids are very constant if expressed in 
terms of fat-free tissue. These solids represent chiefly intra- 
cellular proteins and other intracellular constituents, and may be 
taken as a measure of the relative mass of tissue cells. When 
tissues swell, by increase in the extracellular fluid, the added 
fluid contains only about 1 per cent of solids, which is not suffi- 
cient to affect the total solids of the original tissue significantly. 


TaBLe IV 
Potassium Intake, Excretion, and Retention of Twelve Dogs 
Solution injected, 25 mm of KHCO, + 129 mm of NaCl. 





























Dog No. | Weight Injection injecea | K excreted | K retained | K retained | Urine 

kg. ce. ™M mM mM mM ec. 
03 | 12.2 | 2000 | 50.0 | 14.20 | 35.8 | 2.93 | 410 
106 6| 15.0 | 2300 | 57.5 | 18.78 | 38.7 | 2.58 | 637 
07 | 12.6 | 2000 | 50.0 | 23.25 | 26.8 | 2.13 | 775 
me) 1s. 1900 | 47.5 | 15.30 | 32.2 | 2.78 | 505 
109 | 1400 | 35.0 | 12.75 | 23.3 | 2.62 | 385 
110 13.8 | 2000 | 50.0 | 21.50 | 29.5 | 2.27 | 520 
1 | 11.0 | 1800 | 45.0 | 17.45 | 28.6 | 2.60 | 555 
2 | 12.0 | 2000 | 50.0 | 12.48 | 37.5 | 3.13 | 450 
uz | 13.0 | 2200 | 55.0 | 25.18 | 29.8 | 2.30 | 516 
4 | 14.0 | 2200 | 55.0 | 24.00 | 31.0 | 2.21 | 440 
Di, | 11.7 | 1600 | 40.0 | 17.20 | 22.8 | 1.94 | 330 
DL; | 12.0 | 2000 | 50.0 | 20.75 | 29.2 | 2.44 | 455 





* Average K retained = 2.50 ma per kilo. 


By relating concentrations of water, chloride, sodium, and 
potassium to the total solids of muscle and liver (Table V), and 
treating the results statistically, it is possible to determine whether 
there has been any significant increase in the amounts of these 
substances in a unit mass of the original tissue. If there has been 
no such increase, no further analysis of the data is necessary. If, 
however, a significant increase has occurred, it is essential to 
determine whether the increase is in the intracellular phase or 
whether it is in the added extracellular phase. 

Table V shows that no significant changes occurred in the 
skeletal muscle in this series of experiments. In the liver, how- 
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ever, both water and potassium concentrations were significantly 
increased. That the increase in water represents a swelling of 
the intracellular phase is demonstrated in Table VI. Assuming 
that all of the potassium in the plasma is diffusible, the maximum 
amount of potassium in the extracellular phase was calculated to 
be 0.6 mm per 100 gm. of fat-free, blood-free solids. Since the 
average total increase of the potassium was 7.3 mM per 100 gm. 
of fat-free, blood-free solids, the greater part of the increase in 
potassium in the liver must be in the cells. 


TaBie VI 
Effect of Increase in Total Body Water and Potassium on Exiracellular Fluid 
(F) and Intracellular Water |H,0}c* Calculated from Analyses of Liver (L) 
of Eight Animals 

















| (L) (P) {Hi} ¢ 
Mean | ‘| P |Men| « | P | Mean «Ak 
me ee my i 
| | | 
m | fe fm | fmt | le 
Before injection) 1000) = | =| an | 37 | 646 | 413 
After injection.) 1147) +41 | 244) +40 694 | +18 | 
I a 0.00 | +33 | +55 55 | +48 | +22 | 3.0 








* {H,0}c = gm. of water per kilo of intracellular phase. 
DISCUSSION 


The difficulty in determining whether acute edema produced 
experimentally in skeletal muscle following increases in total 
body water is less when body potassium is high than when it is 
normal is that potassium can be increased only moderately in 
body fluids because of its toxic effects. In all of the dogs the 
average retention of the potassium injected was 2.5 mm per kilo 
of body weight. 

The statistical method was applied to the phase volume data of 
the skeletal muscle from the normal dogs (1) both before and after 
the injection of potassium solutions, and (2) before and after the 
injection of isotonic sodium chloride solutions containing no 
potassium. The calculated results are given in Table III. It 
is clear that following the increase in total body water and body 
potassium the increases in the extra- and intracellular phases of 
the muscle were not different from those found in normal dogs 
following the injection of balanced isotonic sodium chloride- 
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594 Distribution of Body Water 


sodium bicarbonate solutions containing no potassium. Also, 
the absolute increase in the bulk of 1 kilo of original muscle was 
approximately the same, whether or not the body potassium was 
increased. The differences found are attributed to sampling. 
The results indicate that in normal dogs with normal kidney 
function there is no important quantitative difference in the 
relative phase volumes of skeletal muscle following an increase in 
total body water when NaCl-KHCO; solutions or when NaCl 
NaHCO; solutions are injected. Also, the calculated percentage 
of water in the intracellular phase remained within the limits of 
error of the methods employed. 

The potassium analyses of the skeletal muscle following the 
increase of body potassium showed no significant change when 
expressed in terms of concentration per unit of fat-free, blood- 
free solids, indicating that the concentration of potassium in the 
skeletal muscle remained unchanged. 

Apparently, liver responds to the elevation of serum potassium 
and water. The analyses of fat-free, blood-free liver tissue under 
the present experimental conditions demonstrate that the original 
kilo of liver increased 147 gm. following the injections, of which 
33 gm. (22 per cent) represent an increase in extracellular phase, 
and 114 gm. (77 per cent) an increase in the intracellular phase. 
At the same time, there was an increase of potassium in the liver 
cells; and with the retention of the potassium in the liver there 
was an increase in the cellular water. 

The bearing of these findings upon the problem of edema has 
limitations. It should be noted first that all animals were normal; 
therefore, they had normal renal function. As a result, the ex- 
cretion of the potassium was very rapid and the concentration of 
potassium in the serum never exceeded 8.00 ma per kilo of serum. 
However, with the increase of potassium in the extracellular fluids 
of the body and the increase in the total body water of the animal, 
the acute edema produced in the skeletal muscle was not different 
from that produced in normal animals receiving sodium chloride 


injections. 


SUMMARY 


1. Normal fat-free, blood-free skeletal muscle consists of an 
extracellular phase amounting to an average of 15.5 per cent, 
o@ +1.9, and an intracellular phase amounting to an average of 


84.5 per cent, ¢ +1.9. 
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2. Normal fat-free, blood-free liver consists of an extracellular 
phase amounting to an average of 21.1 per cent, ¢ +3.7, and an 
intracellular phase amounting to an average of 78.9 per cent, 
o +3.7. 

3. The percentage of water in the intracellular phase of fat-free, 
blood-free skeletal muscle was found to be 74.1 per cent, ¢ +0.4; 
that of fat-free, blood-free liver was 64.6 per cent, ¢ +1.3. 

4. Experiments are described in which the phase volumes of 
skeletal muscles and liver were determined after an increase in 
total body water and body potassium produced by the intravenous 
injection of large volumes of isotonic sodium chloride solution 
containing potassium. The results on muscle were compared 
statistically with those obtained following injections of isotonic 
sodium chloride solutions containing no potassium. The data 
indicated the following conclusions. 

The absolute increase in the bulk of 1 kilo of original muscle 
was approximately the same whether or not the injected solutions 
contained potassium. 

After the simultaneous increase in body potassium and total 
body water, the additional water was distributed in the same way 
as the increased body water resulting from the intravenous in- 
jection of the isotonic sodium chloride-sodium bicarbonate solu- 
tion. Therefore, in these experiments there was no indication of 
any influence of potassium upon the distribution of fluid in 
skeletal muscle in the normal organism. 

The amount of intracellular phase of liver increased greatly, 
and the extracellular phase swelled appreciably. With the 
increase in cellular water in the liver, there was an increase of 
potassium in the liver cells. 

There was no retention of potassium in the skeletal muscle. 
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THE INHIBITION OF CHOLINESTERASE BY MORPHINE 
IN VITRO 


By G. 8. EADIE 


(From the Department of Physiology and Pharmacology, Duke University 
School of Medicine, Durham, North Carolina) 


(Received for publication, December 19, 1940) 


Bernheim and Bernheim (1) have shown by the guinea pig ileum 
method that morphine inhibits the hydrolysis of acetylcholine 
by the esterase of the brain, and that under their conditions the 
inhibition was directly proportional to the concentration of the 
drug. By the titration method they found that the concentration 
of acetylcholine determines the amount of morphine necessary 
to give a specified inhibition. Kuhn and Surles (2) state that the 
reaction is somewhat dependent on the pH. Slaughter and 
Lackey (3), while they found the serum cholinesterase activity 
of the dog consistently lowered by morphine in vivo, were unable 
to obtain consistent effects in vitro on incubation of 0.5 cc. of 
serum with 1 mg. of morphine sulfate for 15 minutes and then 
determination of the cholinesterase by a continuous titration 
indicator method. That this was probably due to the method 
employed is shown by the data presented here. 


EXPERIMENTAL 


The method employed is essentially a continuous titration at 
constant temperature with a glass electrode and resembles closely 
that of Alles and Hawes (4), except that a Coleman pH electrom- 
eter was used instead of the Beckman meter, the temperature 
was 36.5°, and 0.011 n sodium hydroxide was used for titration. 
Usually about ten readings were taken during a 20 minute period, 
and the velocity calculated by the method of least squares. This 
was done in order to use all the readings; other methods of calcu- 
lation would eliminate all but the first and the last. The rates 
are expressed in terms of cc. of 0.01 Nn alkali used (or acetic acid 
597 
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598 Cholinesterase Inhibition by Morphine 


produced) per minute. The experimental error was usually less 
than 5 per cent. The source of cholinesterase was dog serum. 

At first considerable difficulty was experienced in obtaining 
consistent results; this was finally found to be due to spontaneous 
alterations of the esterase of serum kept in vitro. For example in 
0.16 m acetylcholine at pH 7.4, 0.1 ce. of serum drawn from the 
dog the previous day and kept in the ice box produced hydrolysis 
at a rate of 0.051 cc. per minute; if, however, it was allowed to 
stand in the laboratory for 10 minutes before use, the rate in- 
creased to 0.55 cc. per minute. (A repetition of this several hours 
later, the serum being kept meanwhile in the ice box and removed 
10 minutes before the experiment, gave 0.54 ce. per minute.) 
The increase in activity occurs also in the ice box, but more slowly; 
the same serum next day gave a rate of 0.053 cc. per minute with- 
out the preliminary exposure to room temperature. This in- 
crease is followed by a decrease; serum left in the laboratory for 
half an hour fell in activity from 0.053 to 0.048 cc. per minute, 
and a similar change occurs, but more slowly, at a lower tempera- 
ture. In all the experiments reported, therefore, the serum was 
kept in the ice box, and samples removed and immediately added 
to the titration mixture which had previously been warmed to 
36.5°. When this precaution was taken, consistent results were 
uniformly obtained. The cause of this change in activity was not 
investigated further. 

Effect of Morphine on Activity-Enzyme Concentration Relation- 
ship—This relationship is known to be the usual linear one from 
the work of Glick (5) and it is also linear in the presence of mor- 
phine as shown in Fig. 1. The straight lines here are calculated 
from the equations 


v = 0.030 + 0.164e 


and 
v’ = 0.020 + 0.127e 


where v and v’ are the velocities in the absence and presence of 
morphine respectively, and e is the number of cc. of serum. The 
effect of morphine, then, is to alter the slope of the line, pre- 
sumably by inhibiting the same proportion of enzyme at all 
enzyme concentrations. It may be noted that on extrapolation 
to zero enzyme concentration the rate of hydrolysis which here is 
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Fie. 1. The rate of hydrolysis of 0.04 m acetylcholine at pH 7.40 with 
varying amounts of serum in the absence (upper line) and presence of 
0.0021 m morphine hydrochloride (lower line). The ordinate gives the rate 
in ee. of 0.01 N acetic acid produced per minute; the abscissa, ec. of serum 
in a 25 cc. digestion mixture. Temperature, 36.5°. The experimental 
points are marked. 

Fic. 2. The rate of hydrolysis of varying concentrations of acetylcholine 
by 0.1 ec. of serum in the absence (upper line) and presence of 0.0021 m 
morphine hydrochloride (lower line). The ordinate gives the rate in ec. of 
0.01 N acetic acid produced per minute in a 25 cc. digestion mixture; the 
abscissa, the logarithm of the acetylcholine concentration in moles per liter 
multiplied by 100. Temperature, 36.5°. The experimental points are 
marked. 
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due to hydroxy] ion is apparently not the same in the presence of 
morphine as in its absence; this difference can be shown by sta- 
tistical methods not to be significant, and is therefore to be attrib- 
uted to experimental error. The difference in slope, however, is 
significant. 

Effect of Morphine on Activity-Substrate Concentration Curve— 
Glick (5), using human serum at a lower temperature, found the 
activity-pS relationship to follow the equation of Michaelis and 
Menten (6), with the constant Ky 0.0011.' Fig. 2 shows that 
the same relationship holds in dog serum. The curve is calculated 
from the equation 

V-2 
a Ku +2 


where v is the velocity as before, V the maximum velocity (here 
0.114), z the substrate concentration, and K y has the value 0.0685. 
This value shows a considerable variation with the aging of the 


serum, but since 
k- 
Ku = (** ‘) 
v 


where e is the enzyme concentration, this variation is probably to 
be attributed to destruction of the enzyme. 

Inhibitors may produce their effect either by uniting with the 
enzyme so as to destroy its catalytic activity without being dis- 
placed from it by the substrate or by competing with the sub- 
strate for the enzyme. In the former case the alteration is in 
V, in the latter K y becomes K y (1 + f/K,), where f is the molar 
concentration of the inhibitor, and Ky, the dissociation constant 
of the inhibitor-enzyme compound. In the case of morphine the 
latter possibility is realized: 0.0685, the value of K y in the absence 
of morphine, now becomes 0.167. From this, K; may be ealcu- 
lated to be 0.00146. It follows from the equation that at low 
concentrations of substrate the inhibition from morphine is much 
greater. 

Effect of Varying Concentrations of Morphine on Rate of Hy- 
drolysis—Theoretically this relationship is given by the equation 


V-z 
z+ Kwu(l + f/Ky) 


1 The symbols used are those of Haldane (7). 
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and the curve in Fig. 3 has been plotted from this with K,; = 
0.00146 and K y = 0.0108 (this was a fresher sample of serum than 
the preceding). Again the correspondence between the theoretical 
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Fig. 3. The effect of increasing morphine concentrations on the rate of 
hydrolysis of 0.08 m acetylcholine by 0.1 cc. of serum. The ordinate gives 
the rate in cc. of 0.01 N acetic acid produced per minute in a 25 cc. digestion 
mixture; the abscissa, the concentration of morphine hydrochloride in mg. 
per 100 cc. Temperature, 36.5°. The experimental points are marked. 

Fie. 4. The effect of pH on the hydrolysis of 0.04 m acetylcholine by 0.4 
ee. of serum in the absence (upper line) and presence of 0.0021 m morphine 
(lower line). The ordinate gives the rate in cc. of 0.01 N acetic acid pro- 
duced per minute in a 25 ce. digestion mixture; the abscissa, the pH. 
Temperature, 36.5°. The experimental points are marked. 


and actual values is satisfactory, and this confirms the conclusions 
reached above. 

Effect of pH—There is no satisfactory theoretical treatment of 
this complicated relationship. The results are shown in Fig. 4, 
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but the curves have no theoretical significance. The velocities 
have been corrected by subtracting the values for hydrolysis by 
hydroxyl ion at each pH. The percentage inhibition by morphine 
appears to be approximately constant over the range pH 7.4 
to 7.0 but beyond this it decreases rapidly and is almost absent 
at pH 6.2. 


SUMMARY 


The inhibitory effects of morphine on the hydrolysis of acetyl- 
choline by the esterase of dog serum under varying concentrations 
of enzyme, substrate, and inhibitor are discussed. They have been 
shown to follow the theoretical form demanded by the hypoth- 
esis that both substrate and inhibitor combine with the enzyme 
and compete for it. The effects of pH on this inhibition have 
also been described. 
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A SPECTROCHEMICAL DETERMINATION OF SODIUM 
IN BLOOD SERUM* 


By L. T. STEADMAN 


(From the Department of Radiology, School of Medicine and Dentistry, The 
University of Rochester, and the Strong Memorial Hospital, Rochester, 
New York) 


(Received for publication, December 16, 1940) 


A spectrochemical method for the quantitative analysis of 
sodium in blood serum has been worked out and used during the 
past 2 years for routine analyses. It differs in several respects 
from the methods described by Thomson and Lee (1), Langstroth 
(2), and Duffendack et al. (3) for measuring sodium in body 
fluids. The first two require specially constructed sparking 
arrangements for exciting the sample; the third employs a high 
voltage a.c. carbon are. In the present method the regular low 
voltage D.c. carbon are equipment is used, with only slight modi- 
fication (this is manufactured as standard equipment by the 
Bausch and Lomb Optical Company) and a Bausch and Lomb 
medium quartz spectrograph. For the sake of completeness 
and for future reference, the method will be described in detail, 
although some of the procedures concerning excitation in the low 
voltage p.c. arc between graphite electrodes are in common use 
and recently have been discussed by other workers, particularly 
Cholak (4), Cholak and Story (5), Owens (6), and Pierce et al. (7). 


Procedure 


An accurately measured volume, 0.5 ml. or less, of serum is 
diluted 40 times with distilled water. For the internal standard a 
cadmium chloride solution is prepared containing 1 part in 4000 
of cadmium. Equal amounts, 0.25 ml., of these two solutions 
are placed in a small silica dish and the mixture rapidly ashed on 


* This work was supported by a grant from the Fluid Research Fund of 
the University of Rochester, School of Medicine and Dentistry. 
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an electrical heater unit. While still warm, the residue is re. 
dissolved in about 0.25 ml. of 10 per cent HCl, transferred by 
pipette to the crater of a piece of spectroscopic carbon, and 
evaporated to dryness by holding the electrode beside the heater 
unit. The use of much larger amounts of HCl causes a serious 
loss of sample because of transference into and over the carbon 
with repeated filling of the crater. 

The carbon electrode is a piece of National Carbon Company 
specially pure graphite about 2.5 em. long, 6.3 mm. in diameter, 
with a crater 4 mm. in diameter and 6 mm. indepth. The regular 
spectroscopic electrodes of the same company are not suitable, 
presumably because of impurities which interfere with the in- 
tensity of the sodium line that is used for measurement. The 
electrode is connected to the negative side of the power line and 
is placed below the positive electrode, which is a 3.5 cm. piece of 
the regular variety of graphite. The positive electrode also has 
a crater which keeps the discharge from running up the outside 
of it. A simple attachment is provided for the Bausch and Lomb 
are stand to hold the electrodes in line at an angle of about 15° 
with the vertical, the upper electrode being nearer the spectro- 
graph. The negative electrode containing the sample may be 
used again for a second sample, the positive electrode four times. 
The are is supplied by a 115 volt p.c. generator. The current is 
initially adjusted to read 6 to 7 amperes by means of the series 
resistor. A fresh electrode is burned for 20 seconds before the 
sample is introduced and for 75 seconds while the sample is 
arced and the photographic exposure made. 

The light from the negative electrode and its immediate neigh- 
borhood is projected in an approximately parallel beam onto the 
slit of the spectrograph by means of a 7.6 cm. focal length quartz 
plano-convex spherical lens. The are is 60 em. from the slit. 
With appropriate separation of the electrodes, the light from the 
positive electrode falls below the slit. As the hot spot moves 
around the rim of the crater of the lower carbon, the inclination 
of the electrodes prevents the light emitted in the direction of the 
optical axis of the spectrograph from being cut off by the electrode 
itself. The width of the slit is 0.01 mm. In front of the slit is 
placed a rotating sector consisting of a half cylinder milled in 4 
steel rod 9.5 mm. in diameter. This arrangement constitutes an 
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L. T. Steadman 605 
adaptation of the method for measuring relative intensities 
described by Hasler and Lindhurst (8) for use with a grating 
spectrograph. The spectrum lines that are measured in the 
analysis of sodium are the unresolved pair of sodium lines of 
2680.3 and 2680.4 A. and the cadmium line of 2677.6 A. The 
background intensity in this region is not troublesome. By 
means of an adapter, a short piece of 35 mm. positive motion 
picture film is inserted in the plate holder, covering only the 
region of measurement, and two exposures are made. The 
photographic processing is done in the usual way. 


Interpretation of Spectrum Plate 


The half cylinder sector produces a spectrum line which de- 
creases in density from both ends toward the center, so that there 
are two extinction points whose separation depends on the in- 
tensity of the light striking the photographic emulsion. The 
distance L between the two extinction points is measured by means 
of a Bausch and Lomb spectrum-measuring magnifier. For this 
type of sector the intensity of a spectrum line in the source is 
inversely proportional to the distance between the two extinction 
points for small values of the ratio L:2R, where 2R is the diameter 
of the sector. For the quantities of normal serum and cadmium 
solutions given above, the spectrum lines are of nearly the same 
intensity and L is about 1.5 mm. 

The working or calibration curve is shown in Fig. 1. In the 
construction of this eurve a solution of NaCl, KCl, CaCh, MgCl, 
and NaH,PO,-.H,O was prepared equivalent in inorganic content 
to normal serum, and the ashing and arcing procedures mentioned 
above were carried out. The value of sodium concentration in 
normal human serum was taken as 335 mg. per 100 ml. of serum. 
Shohl (9) gives the preferred value as 330 mg. per 100 ml. of 
serum, but it is immaterial as far as the calibration curve is 
concerned which value is used. The NaCl content was then 
changed to give the sodium values listed along the axis of ab- 
scissas. Each point is an average of eight like determinations. 

The possible uncertainty in the reading of L is about +0.05 
mm, for L = 1.5 mm., so that the determination of a ratio of 
intensities is accurate to +5 per cent. The error is substantially 
the same for a 50 per cent increase or decrease in intensity. The 
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error in an intensity determination introduced because of the 
appreciable magnitude of L:2R is less than 0.2 per cent. Larger 








INT. NA geeos A 
INT. CO 26776 A 
2.00- 
1.00+ 
Sodium 
0.00 = _ r ——— 
0.00 0.0105 0.0299 0.0314 0.0418 MG. IN ARC 
te) 168 335 503 670 MG./IOOML. 
OF SERUM 


Fic. 1. Working curve for analysis of sodium. The ratio of the inten- 
sity of the Na line in the source to the Cd line is plotted against the quan- 
tity of Na placed in the arc electrode. 

















TABLE | 
Duplicate Analyses of Serum for Sodium by Chemical and Spectrochemical 
Methods 
The results are expressed in mg. of sodium per 100 ml. of serum. 
Spectrographic analysis Chemical analysis Per cent difference 
312 304 —2.5 
313 321 +2.5 
332 322 —3.0 
328 | 327 —0.3 
302 307 +1.6 
291 | 280 —3.7 
305 | 311 +2.0 
298 297 —0.3 
321 312 —2.8 
291 286 —1.7 
302 | 304 +0.7 
299 296 —1.0 
| 
Average.. , — neoned —0.7 





fluctuations in intensity appear, however, because of variations 
occurring in the process of ashing and arcing. These fluctuations 
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L. T. Steadman 607 
in intensity are random in character. The standard deviation 
for a series of 80 determinations on like samples of serum was 
found to be +8 per cent. In practice, to obtain a measurement 
of sodium with a standard error not greater than +3 per cent, it 
is customary to make six determinations and compute the average. 
These may be done in 1 hour. As a comparison between this 
spectrochemical method and a well known chemical method, the 
analyses of a number of serum samples from fever patients are 
presented in Table I. The chemical analyses were made by 
Dr. H. E. Thompson, Jr., of the Department of Obstetrics 
and Gynecology, using the uranyl zine acetate method of Barber 
and Kolthoff (10) as modified by Salit (11). The agreement is 
within the standard error, about +3 per cent for both methods. 


DISCUSSION 


The spectrochemical method described here is of a general 
nature and is adaptable to the measurement of sodium in other 
biological materials. The conditions for maximum sensitivity 
were sought in order to give a method requiring a minimum of 
material. The influence on the sodium-cadmium ratio of positive 
elements other than sodium would have to be investigated in 
each case. However, for blood serum the other elements are in 
such relatively small proportions that the curve shown is the same, 
in the region of normal sodium, when only sodium and cadmium 
are present in the test sample. Small amounts of hemolysis 
also do not affect the measurement. Furthermore, the method 
may be simplified for serum by omitting the ashing, and intro- 
ducing a mixture of the serum and cadmium solutions directly 
into the electrode. The precision of the method is thereby 
somewhat increased and the time for an analysis materially 
reduced. 

Several other experiments were carried out with test solutions 
to determine the validity of the method of measurement under 
various conditions differing considerably from those discussed 
above. The intensity ratio for two values, 1.00 and 1.84, was 
found to be the same before and after reducing by 53 per cent the 
intensity of the light from the are by means of a wire screen 
placed over the projection lens. This result shows that the whole 
procedure of measuring relative intensities, involving sector, 
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photographic emulsion, processing, and measuring by eye is in 
practice reliable over a good range of intensities. The ratio of 
intensities is independent of a 50 per cent increase in the are 
current. If the amounts of sodium and cadmium in a sample are 
uniformly increased or decreased, the ratio of intensities remains 
the same. The intensity ratio is about equally sensitive to 
changes in cadmium as to changes in sodium. All of these 
results are established of course only within the experimental 
error. The intensities of the sodium and cadmium lines in them- 
selves, however, are mutually dependent in some degree on the 
absolute amounts of each in the arc, and the calibration curve 
shown does not necessarily represent the variations in sodium 
line intensity with quantity of sodium in the arc. Also, the 
calibration curve and some of the results described above con- 
cerning conditions in the arc may be somewhat different if other 
sodium or cadmium lines are chosen for measurement. 


SUMMARY 


A spectrochemical method for the quantitative analysis of 
sodium in blood serum is described which, for the most part, 
requires only commonly used spectrographic equipment and 
laboratory facilities. A determination with a standard error of 
+3 per cent may be made in 1 hour on a sample of 0.5 ml. or 
less. The useful range is from 5 to 50 y of sodium. The method 
is applicable to the measurement of sodium in other biological 


materials. 


The author wishes to express his appreciation to members of 
the Bausch and Lomb Optical Company, particularly Mr. M. 
Herbert Eisenhart, for their advice and encouragement of the 
work in spectrochemical analysis. 


BIBLIOGRAPHY 


1. Thomson, K. B., and Lee, W. C., J. Biol. Chem., 118, 711 (1937). 

2. Langstroth, G. O., Proceedings of the 5th (1937) summer conference on 
spectroscopy and its applications, New York, 113 (1938). 

3. Duffendack, O. S., Thomson, K. B., Lee, W. C., and Koppius, 0. G., 
J. Biol. Chem., 126, 1 (1938). 

4. Cholak, J., Ind. and Eng. Chem., Anal. Ed., 7, 287 (1935). 





L. T. Steadman 609 


5. Cholak, J., and Story, R. V., Ind. and Eng. Chem., Anal. Ed., 10, 619 
(1938). 

6. Owens, J.S., Ind. and Eng. Chem., Anal. Ed., 11, 59 (1939). 

7. Pierce, W. C., Torres, O. R., and Marshall, W. W., Ind. and Eng. Chem., 
Anal. Ed., 12, 41 (1940). 

8. Hasler, M. F., and Lindhurst, R. W., Rev. Scient. Instruments, 7, 137 
(1936). 

9. Shohl, A. T., Mineral metabolism, New York, 22 (1939). 

10. Barber, H. H., and Kolthoff, I. M., J. Am. Chem. Soc., 60, 1625 (1928). 

11. Salit, P. W., J. Biol. Chem., 96, 659 (1932). 


























THE SPECTROCHEMICAL DETERMINATION OF BIS- 
MUTH IN BIOLOGICAL MATERIAL* 


By L. T. STEADMAN anv H. E. THOMPSON, Jr. 


(From the Department of Radiology and the Department of Obstetrics and 
Gynecology, School of Medicine and Dentistry, The University of 
Rochester, and the Strong Memorial Hospital, Rochester, New York) 


(Received for publication, December 16, 1940) 


The need for a quantitative method for the determination of 
submicrogram quantities of bismuth in body fluids of patients 
undergoing antiluetic treatment led the authors to develop the 
spectrochemical method of analysis which is described in this 
paper. This method is based upon the spectrochemical procedure 
for bismuth devised by Cholak (1) by which it was possible to 
measure down to 0.001 mg., with an average error of +20 per 
cent. With alterations in the chemical part of the procedure and 
application of the spectrographic technique of Steadman (2), 
as employed in the spectrochemical determination of blood serum 
sodium, it was found possible to measure bismuth in amounts 
down to 0.00001 mg. with comparable accuracy. 


Preparation of Sample 


The biological material is measured into a glazed porcelain 
crucible of appropriate size and evaporated to dryness on a steam 
bath, after which it is placed in a cold electrical muffle furnace 
and then heated overnight to not over 500°. At the end of this 
period of ashing any residue of carbon may be oxidized by the 
addition of a few tenths of a ml. of concentrated nitric acid, 
evaporation just to dryness, and reheating for a short time in the 
hot muffle. If, at the completion of ashifg, any red color due to 
ferric oxide is apparent, 1 ml. or so of concentrated nitric acid 


* This work was supported by a grant from the Fluid Research Fund of 
the University of Rochester, School of Medicine and Dentistry. 
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should be added and the whole evaporated to dryness on the steam 
bath in order to convert the iron to a soluble form. 

The ash is dissolved in 0.1 ml. of concentrated nitric acid and 
water, and quantitatively transferred to a 16 X 150 mm. test- 
tube and the pH adjusted as recommended by Cholak. That is, 
the ash solution is neutralized to methyl orange with 20 per cent 
sodium hydroxide, and (1 + 2) hydrochloric acid added until acid 
to methyl orange; then 0.6 ml. more acid is added. The volume 
of the solution is then made to 10 ml. with distilled water. 

The solution is saturated with hydrogen sulfide overnight and 
the precipitate filtered out, with a sintered glass filter. Jena 
No. 1bG3 and Ace glass filters of porosity D have been used and 
found satisfactory for this work. However, they should be em- 
ployed with little or no suction, since otherwise the extremely 
small amount of precipitate would be lost. 

The precipitate is rinsed with 2 X 2 ml. of 0.1 per cent hydro- 
chloric acid saturated with hydrogen sulfide and dissolved in 
4 X 1 ml. of hot (1 + 1) nitric acid. This is followed by a rinse 
with hot water. The filtrate is transferred to a small porcelain 
crucible, 1 ml. of the standard zine solution added, and the solution 
evaporated to dryness and subjected to spectrographic analysis 
as described below. If a considerable amount of bismuth appears 
to be present from the size of the precipitate, the filtrate is made 
to an appropriate volume and aliquots are taken, and to these are 
added the usual amount of the standard zinc solution. 


Spectrographic Procedure 


The spectrographic procedure for analyzing the prepared 
sample for bismuth follows closely the method referred to above for 
sodium (2). In the sodium method the sample is placed in the 
crater of the negative graphite electrode of a low voltage direct 
current arc. When the sample is being excited, the light from 
the negative electrode and immediate surroundings is projected 
onto the slit of a Bausch and Lomb medium quartz spectrograph. 
A half cylinder sector, after Hasler and Lindhurst (3), placed in 
front of the slit permits the intensity of a selected sodium line 
to be compared with a nearby cadmium line used as the internal 
standard. Exposures are made on 35 mm. positive motion picture 
film and the extinction points of the spectrum lines are measured 
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with a low power microscope and scale. Only those details of 
the method which have been modified in dealing with bismuth 
will be described here. 

The sample is redissolved in two washings of 0.1 ml. each of 
concentrated nitric acid, rapidly dried in the spectroscopic carbon, 
and arced in the same way as described. The internal standard 
and the spectrum lines chosen for measurement were the same as 
those selected by Cholak. The bismuth line of 3067.7 A. is 
compared with the zine line of 3035.8 A. The presence of the 
iron line of 3067.3 A. impairs or even destroys the accuracy of 


3.00- 


INT. 8! 3067.7 A 
INT. ZN3035.6 A 








MICROGRAMS OF BISMUTH 
00%.0 01 0.2 0.3 0.4 0.5 
Fic. 1. Working curve for analysis of bismuth. The ordinate indicates 
the ratio of the intensity of the Bi line in the source to the Zn line. 


measurement of intensity of the bismuth line in this method as 
well, except when the iron line is definitely weaker in intensity. 
The preparation of the sample described above, however, reduces 
any iron originally present to such a small amount that the iron 
line is of less intensity than is the bismuth line for 0.01 y of bis- 
muth. As in the sodium method, National Carbon Company 
specially pure graphite is used for the negative electrode, regular 
spectroscopic graphite of the same make being used for the positive 
electrode. The spectrum plate of the electrodes alone sometimes 
shows bismuth, but less than 0.005 7. 
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The calibration or working curve shown in Fig. 1 was prepared 
by arcing varying amounts of bismuth in the presence of 0.1 mg. 
of zinc. Each point is an average of eight determinations, 
The bismuth and zine in solution were first measured into cru- 
cibles, evaporated to dryness, and the residue, without being 
heated at high temperatures, was redissolved and transferred to 
the spectroscopic electrode. The bismuth standard solution was 
prepared by dissolving a weighed quantity of metallic bismuth 
in nitric acid. The standard zinc solution was made by dissolving 
a weighed amount of zinc acetate in water and acidulating with 
hydrochloric acid. 


DISCUSSION 


The biological material is incinerated so that the use of reagents 
necessary for wet ashing may be eliminated. It is important 
that the temperature shall not exceed 500° because of a serious 
loss of bismuth at somewhat higher temperatures. For instance, 
when 0.3 y of bismuth was added to 5 gm. of tissue and the ashing 
carried out at 550°, the recoveries were only 16 to 30 per cent of 
the expected value, while ashing at 500° yielded on the average a 
94 per cent recovery. 

The precipitation of bismuth sulfide is carried out in test-tubes, 
and the use of a manifold attached to the hydrogen sulfide supply 
makes it a simple matter to carry out precipitations on sixteen 
samples at once with a single Kipp generator. 

The use of filter paper for the separation of bismuth sulfide 
from the supernatant liquid was abandoned in favor of sintered 
glass filters because of the inability to find a filter paper that was 
sufficiently free of bismuth. The glass filters are cleaned after 
each use by sucking through water in the reverse direction, 
rinsing with concentrated nitric acid and finally with distilled 
water. It is customary to follow the washing of glass and ceramic 
ware used in this procedure with immersion for an hour or more 
in nitric acid, followed by a rinse with distilled water. Blank 
runs which were made on the complete procedure to test the 
reagents and glassware consistently showed less than 0.005 
y of bismuth to be present. 

The intensities of the bismuth and zinc lines are about equal 
for 0.057 y of bismuth, and the distance between the two extinction 
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TaBie I 
Bismuth Recoveries 
Bismuth added | Bismuth found Average p— ~~ 1 Per cent recovery 
7 7 7 7 
0.00 0.05 
0.00 0.06 
0.00 0.04 
0.00 0.03 
0.00 0.06 
0.00 0.06 0.05 
0.05 0.12 
0.05 0.12 
0.05 0.15 
0.05 0.06 
0.05 0.06 0.10 0.10 100.0 
0.10 0.07 
0.10 0.20 
0.10 0.26 
0.10 0.09 
0.10 0.11 
0.10 0.11 0.14 0.15 93.3 
0.20 0.24 
0.20 0.25 
0.20 0.20 
0.20 0.14 
0.20 0.24 
0.20 0.24 
0.20 0.27 0.23 0.25 92.0 
0.30 0.26 
0.30 0.29 
0.30 0.27 
0.30 0.32 
0.30 0.31 
0.30 0.43 0.31 0.35 88.6 
0.40 0.33 
0.40 0.43 
0.40 0.53 
0.40 0.45 
0.40 0.45 
0.40 0.43 
0.40 0.43 0.43 0.45 95.6 
Weighted average... . 93.7 











* Bismuth added + 0.05 y of bismuth already present in tissue sample. 
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points of each line is about 1.5 mm. The standard deviation 
computed from 60 determinations in this region of bismuth 
values is about +16 per cent, but is somewhat greater when the 
bismuth content of the sample is 0.01 or 0.5 y. In practice, 
measurements are made on samples containing bismuth in the 
range of 0.03 to 0.3 y, either by taking aliquots or multiples of an 
initial test sample. 

The intensity ratio is not unduly sensitive to changes in are 
current; a 45 per cent increase in current produces about a 15 
per cent increase in the bismuth to zinc ratio. If the amounts 
of bismuth and zinc are both increased or decreased by 50 per cent, 
the intensity ratio changes about 10 per cent, which is also more 
variable than the sodium to cadmium ratio under similar condi- 
tions. The background intensity for the bismuth line is usually 
higher than in the region of the sodium line of 2680.3 A., which 
makes the reading of the extinction points less accurate at times. 
Since the ratio of intensities was found to remain essentially the 
same when a wire screen placed over the projection lens reduced 
the light intensity by 53 per cent, it was concluded that the amount 
of background present causes no large error and is probably taken 
into account in the construction of the calibration curve. 

The results on a number of known bismuth samples are given 
in Table I. These were prepared by adding varying amounts of 
bismuth to 5 gm. of placental tissue and then carrying the samples 
through the complete procedure. It is observed that the re- 
covery on the average is about 94 per cent. Other experiments 
have shown that a large part of the loss of bismuth is associated 
with the filtration process. The increase in the magnitude of 
the standard deviation in this method over the standard deviation 
found in the sodium method is observed to come about mainly 
in the preparation of the sample and not in the arcing procedure. 


SUMMARY 


The spectrochemical method of Cholak for quantitatively 
measuring very small amounts of bismuth in biological samples 
has been improved in sensitivity. The calibration curve covers 
a range of bismuth values from 0.01 to 0.5 y. Except for the 
ends of the range, quantities may be measured with a standard 
error of +16 per cent for a single determination. 
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The authors wish to express their appreciation to members of 
the Bausch and Lomb Optical Company, particularly Mr. M. 
Herbert Eisenhart, for their advice and encouragement of the 
work in spectrochemical analysis. 
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AZLACTONES 
III. ACYLATION OF AMINO ACIDS IN PYRIDINE* 


By HERBERT E. CARTER, PHILIP HANDLER,f anp 
CARL M. STEVENS 


(From the Division of Biochemistry, Noyes Laboratory of Chemistry, 
University of Illinois, Urbana) 


(Received for publication, January 2, 1941) 


While preparing a series of acyl derivatives of amino acids for 
metabolism studies, we had occasion to investigate the acylation 
of amino acids using pyridine as the solvent and condensing agent. 
Dakin and West (1) and Levene and Steiger (2) found that the 
action of acetyl chloride on a-amino acids in pyridine under rather 
drastic conditions yielded acetylamino ketones. It seemed 
possible that acetylated amino acids might be obtained under 
milder conditions. The purpose of our work, therefore, was to 
study this reaction at moderate temperatures in the hope of de- 
veloping a method for acylating amino acids in an anhydrous 
medium and without using an excess of acyl halide. 

It was discovered that valine, leucine, and phenylalanine react 
readily at room temperature with acyl chlorides in pyridine, while 
serine, threonine, cystine, and tyrosine are not attacked, perhaps 
owing to their insolubility in the solvent. The yields of acyl 
derivative obtained with amino acids of the first group (with 
equivalent amounts of the reactants) varied from 40 to 70 per 
cent. Increasing the amount of acid chloride had little effect 
on the yield. The crude products were usually oils or gummy 
solids and were difficult to purify. These data indicate that the 


* Presented before the Thirty-fourth annual meeting of the American 
Society of Biological Chemists at New Orleans, March 14, 1940. 

t Part of the experimental data in this paper is taken from a thesis 
submitted by Philip Handler in partial fulfilment of the requirements for 
the degree of Doctor of Philosophy in Biochemistry in the Graduate School 
of the Univervity of Ilinois. 
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low yields of acylated amino acids were due to side reactions 
rather than to incomplete acylation of the amino acids. A further 
study revealed that the accompanying reactions (and perhaps 
others) may occur when a-amino acids are treated with acid 
chlorides in pyridine at moderate temperatures. 





1 1 
R—CH—CO.H — COG, og icin Bee, R—CH——C=0 
| | | 
NH; NH N 0 
| \Y 7 
co Cc 
b a 
O 
VA 
R—CH——-C=0 + alibi —_ ere oe 
| | | 
N 0 NH, NH R 
\Y 7 | 
C co 
He I 


The acylated amino acid, which is first formed, may react 
further with the acid chloride to produce an azlactone and the 
latter compound may react with another molecule of amino 
acid to form an acylated dipeptide. The nature of the acid 
chloride has a marked effect on the composition of the final 
product. Thus benzoy! chloride is more effective than aliphatic 
acid chlorides in causing azlactonization. Therefore, when an 
amino acid is benzoylated in pyridine, very little of the simple 
benzoyl derivative can be isolated from the reaction product, 
which consists of a mixture of benzoyl derivative with benzoylated 
dipeptide and other products. In the case of aliphatic acid 
chlorides there is less tendency for the acyl derivative to react 
further and fair yields of the acyl derivative may be obtained. 
However, the difficulties involved in isolation and purification of 
the products render this method of acylation an unsatisfactory 
one, even in the case of acyl chlorides. 

It seemed possible that the reaction of an azlactone with an 
amino acid in pyridine might furnish a good method for preparing 
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acylated dipeptides. However, in only one or two instances was 
it possible to obtain pure dipeptides in this way. The reaction 
products were generally gummy solids containing acylated amino 
acid, acylated dipeptide, and other substances. 


EXPERIMENTAL 


Acylation in Pyridine—The amino acid was suspended in 10 
to 20 volumes of anhydrous pyridine in a 3-necked flask equipped 
with a separatory funnel, a stirrer, and a short reflux condenser 
fitted with a calcium chloride tube. The stirrer was started and 
1.1 moles of acid chloride were added dropwise from the separatory 
funnel. The temperature of the reaction mixture was kept below 
40° by means of a water bath. In the case of dl-valine, dl- 
phenylalanine, and dl-leucine the amino acid dissolved as the 
acid chloride was added. The solution was allowed to stand 5 
hours after the addition of the acid chloride was completed. (Pyr- 
idine hydrochloride sometimes separated during the course of the 
reaction. ) 

A small amount of water was added to the pyridine solution to 
hydrolyze any azlactone present and the pyridine was removed 
under reduced pressure. Water was added and the solution was 
reconcentrated under reduced pressure. (Usually the derivative 
separated either in crystalline form or as an oil during the con- 
centrations.) The solution was acidified with dilute sulfuric 
acid and the derivative was extracted with ether. The ether 
solution was dried and the ether was distilled. The residue was 
recrystallized from benzene (butyryl, valeryl, 3-methylvaleryl 
derivatives), or from aqueous alcohol or ethyl acetate (acetyl 
and isobutyryl derivatives). The results of these experiments 
are summarized in Table I. The butyryl, valeryl, and higher 
acyl derivatives of amino acids retain benzene very tenaciously 
even in vacuo. 

Benzoylation in Pyridine—11.7 gm. (0.1 mole) of dl-valine were 
suspended in 70 ce. of pyridine and benzoylated by the above 
procedure. After 6 hours stirring, water was added to the reac- 
tion mixture, and the pyridine was removed under reduced pres- 
sure. The residue was acidified strongly with hydrochloric acid, 
precipitating an oil which slowly solidified to a gummy solid. 
This was dried and extracted with hot petroleum ether, removing 
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4.0 gm. of benzoic acid. The residue was recrystallized from 
aqueous alcohol, giving 4.0 gm. of white solid melting at 170- 
205°. This product was insoluble in water, completely soluble in 
alkali, gave a neutral equivalent of 323, and yielded benzoic 
acid and valine on hydrolysis. These data indicate that the 
material was a mixture of the two possible racemic benzoylvalyl- 
valines (neutral equivalent, 320). The alcohol filtrate was con- 
centrated to a syrup. This was crystallized from 200 ce. of ben- 
zene, yielding 4 gm. of material melting at 120—140° and giving a 


TaBLe | 
Acylation in Pyridine 









































Derivative 
f s Neutral N ly 
Amino acid Acid chloride equivalent onayem 
Yield — M.p. 
Caleu- | | Found | ‘Caleu- | Found 

| per ~ per cent per cent) °C. 
dl-Phenylal-| Acetyl 40 | 150-151 
anine Butyryl | 60 | 235 | 234 | 5.96 | 5.98 | 86- 87 
Isobutyry] | 70 | 235 | 234 | 5.96 | 5.88 | 105-106 
Valery] 60 | 249 | 251 | 5.63 | 5.50 | St 85 
3-Methylvaleryl| 70 | 263 | 265 | 5.32 | 5.35 | 129-130 
Trimethylacetyl| 50 | 249 | 250 | 5.63 | 5.71 | 124-125 
dl-Valine Acetyl | 40 | 142-143 
Butyry! | 60 | 187 | 188 | 7.49 | 7.53 | 148-149 
Isobutyry] | 65 | 187 | 185 | 7.49 | 7.49 | 165-167 
| Valery! 70 | 201 | 203 | 6.96 | 6.84 | 105-106 
3-Methylvaleryl| 70 | 215 | 213 | 6.51 | 6.52 | 144-146 
Trimethylacetyl| 55 | 201 | 202 | 6.96 | 7.01 | 98- 99 














neutral equivalent of 254. Benzoyl-di-valine melts at 132° and 
has a neutral equivalent of 221. 
mixture of benzoyl-dl-valine and benzoylated dipeptide. The 
benzene filtrate on concentration yielded a heavy oil from which 
no further crystalline material was obtained. 

Leucine gave similar results on treatment with benzoy] chloride 


in pyridine. 


Evidently this product was a 


Azlactonization in Pyridine 
Benzoyl-dl-Phenylalanine Azlactone—5.38 gm. of benzoyl-dl- 
phenylalanine were dissolved in 40 cc. of pyridine. The 


solution 
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was cooled in an ice bath and vigorously shaken while 2.8 gm. of 
benzoy! chloride were slowly added. The solution was allowed to 
stand for 15 minutes at room temperature and was poured intoa 
slight excess of iced hydrochloric acid. The precipitate was 
extracted as rapidly as possible with ether. The ether solution 
was dried and the ether removed under reduced pressure at room 
temperature. The residue was dissolved in 25 cc. of benzene 
and an equal volume of petroleum ether was added, precipitating 
1.0 gm. of benzoyl-dl-phenylalanine. The filtrate was concen- 
trated under reduced pressure and cooled in an ice bath, giving 
1.3 gm. of benzoic acid. The filtrate was concentrated to a 
small volume and cooled in an ice bath. The precipitate was 
recrystallized from 30 cc. of hot petroleum ether, giving 3.5 gm. 
of benzoyl-di-phenylalanine azlactone melting at 70-72°. This 
material produced no depression of the melting point when mixed 
with an authentic sample of the azlactone prepared by the method 
of Mohr and Stroschein (3). 

The above experiment was repeated with equivalent amounts 
of acetyl chloride or acetic anhydride instead of benzoyl chloride. 
In each case, the yield of azlactone was considerably lower than 
that obtained with benzoyl chloride. However, a certain amount 
of the azlactone is hydrolyzed during the process of isolation. 
A more accurate measure of the amount of azlactone present was 
obtained by adding aniline to the reaction mixture, thus convert- 
ing the azlactone to the insoluble benzoyl-di-phenylalany] anilide. 

Benzoyl-dl-Phenylalanyl Anilide (3)—5.38 gm. of benzoyl-dl- 
phenylalanine were dissolved in 40 cc. of pyridine and 2.8 gm. of 
benzoy! chloride were added slowly with shaking and cooling in an 
ice bath. 5 cc. of aniline were added. The mixture was allowed 
to stand for 10 minutes at room temperature, and was then poured 
into a slight excess of iced hydrochloric acid. The precipitate 
was extracted twice with 50 cc. portions of warm alcohol. The 
residue consisted of 5.8 gm. (84 per cent) of pure benzoyl-dl- 
phenylalanyl anilide melting at 235-237°. This substance is 
almost insoluble in aleohol. Mohr and Stroschein (3) reported a 
melting point of 233° for the anilide. 

The above experiment was repeated with equivalent amounts 
of acetyl chloride or acetic anhydride instead of benzoyl chloride. 
The yields of anilide were, respectively, 38 and 42 per cent of the 
theoretical amount. 
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A pyridine solution of recrystallized benzoyl-dl-phenylalanine 
azlactone was treated with aniline and worked up as described 
above. A very small amount of the anilide was isolated. How- 
ever, the addition of 0.2 gm. of aniline hydrochloride, pyridine 
hydrochloride, or ammonium bromide to the reaction mixture 
increased the yield of anilide to 85 per cent of the theoretical. 
This marked effect of amine salts on the reactivity of azlactones 
has been encountered by Levene and Steiger (4). These authors 
were unable to prepare the azlactone of a-aminoisobutyric acid 
from a commercial sample of the amino acid containing small 
amounts of halogen but obtained instead an amorphous product. 
Halogen-free a-aminoisobutyric acid readily yielded the azlactone. 

Benzoyl-di-Alanyl Anilide—5.8 gm. of benzoyl-dl-alanine in 
50 cc. of pyridine were treated with 4.2 gm. of benzoy! chloride 
and then with 5 ce. of aniline as described above. The crude 
product was recrystallized from aqueous alcohol, giving 5.5 gm. 
(69 per cent yield) of benzoyl-dl-alany!l anilide melting at 171- 
172.5°. Curtius (5) reported a melting point of 163-165° for 
this compound. 


CysH,eO.N2. Calculated, N 10.45; found, N 10.41 


Acetyl-dl-Phenylalanyl A nilide—Acetyl]-dl-phenylalanine in pyr- 
idine solution was treated with benzoyl chloride, acety! chloride, 
or acetic anhydride and then with aniline as described above. 
The reaction product was recrystallized from ethyl acetate, 
giving the pure anilide melting at 211—212°. 


. C,7H,s0.N.2. Calculated, N 9.93; found, N 10.01 


The yields of anilide in these cases were low, ranging from 20 
to 30 per cent. However, the pure, preformed azlactone (6) dis- 
solved in pyridine and treated with aniline and aniline hydro- 
chloride gave only a 36 per cent yield of anilide. Therefore, no 
conclusion may be drawn concerning the amount of azlactone 
produced by the action of the acid chlorides or acetic anhydride 
on acetyl-di-phenylalanine in a pyridine solution. These results 
indicate that the reaction of an azlactone with an amino group is 
influenced by the nature of the substituting R' group on the azlac- 
tone ring. 

n-Valeryl-dl-Valyl Anilide—5 gm. of n-valeryl-di-valine in 
pyridine solution were treated with 3 gm. of valeryl chloride and 
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then with 5 gm. of aniline as described above. The crude product 
was recrystallized from aqueous alcohol, giving 1.5 gm. (22 per 
cent yield) of n-valeryl-di-valyl anilide melting at 164-165°. 


CisH2O2N2. Calculated, N 10.14; found, N 10.15 


Dipeptide Formation in Pyridine 


Benzoyl-dl-Phenylalanylglycine—10.8 gm. (0.04 mole) of benzoyl- 
di-phenylalanine were dissolved in 50 cc. of anhydrous pyridine 
and 5.6 gm. (0.04 mole) of benzoyl chloride were added with 
cooling and stirring. After 30 minutes, 3.0 gm. (0.04 mole) of 
glycine were added and the reaction mixture was stirred 6 hours 
at room temperature. 25 cc. of water were added and the mixture 
was stirred for 30 minutes. The pyridine was removed under 
reduced pressure and the residue was treated with iced hydro- 
chlorie acid, giving an oil which slowly crystallized. The solid 
was removed by filtration, air-dried, and extracted with hot high 
boiling petroleum ether. The residue (11.5 gm.) melted at 155 
180° and had a neutral equivalent of 295. (The neutral equiva- 
lent of benzoylphenylalanine is 269; that of benzoylphenylalanyl- 
glycine is 326.) This material was recrystallized from aqueous 
alcohol, yielding 3.5 gm. (26 per cent) of benzoyl-dl-phenylalanyl- 
glycine (3) melting at 225-237° and giving a neutral equivalent 
of 327. In addition, 3.0 gm. of benzoyl-di-phenylalanine were 
obtained from the filtrates. 

n-Valeryl-dl-V alyl-dl-V aline—10 gm. of n-valeryl-dl-valine were 
treated with 6 gm. of n-valeryl chloride and 5.8 gm. of dl-valine 
in the manner described above. The oily product was dissolved 
in ether. The solution was washed twice with water and dried. 
The ether was removed and the residue was extracted thoroughly 
with petroleum ether. The residue solidified after standing 2 
days in a vacuum desiccator. It was recrystallized from aqueous 
alcohol, giving 3.0 gm. (20 per cent) of a nicely crystalline prod- 
uct melting at 173-178° and having a neutral equivalent of 
301 (valerylvalylvaline, 300). This material is apparently a 
mixture of the two possible racemic forms of valerylvalylvaline. 
Two recrystallizations from benzene containing 5 per cent alcohol 
gave 0.6 gm. of material melting at 180—183°. 


CisH2s0,.N:. Calculated. N 9.33, neutral equivalent 300 
Found. a. = 300 
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Several similar experiments and others with preformed azlac- 
tones were carried out. In no case was a pure acylated dipeptide 


isolated from the reaction mixture. 


SUMMARY 


1. Certain amino acids react rapidly with acid chlorides in 
pyridine at room temperature. The products are mixtures of 
the acylated amino acid and other substances. 

2. Acyl derivatives of amino acids are converted to azlactones 
by treatment with acid chloride in pyridine at low temperatures. 

3. Azlactones react with amino acids in pyridine, giving a low 
yield of acylated dipeptide. 
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BENZOYLATION OF AMINO ACIDS 


By HERBERT E. CARTER anv CARL M. STEVENS 


(From the Division of Biochemistry, Noyes Laboratory of Chemistry, 
University of Illinois, Urbana) 


(Received for publication, January 2, 1941) 


Amino acids may be benzoylated in aqueous solutions of sodium 
bicarbonate or sodium hydroxide. Fischer (1) first recommended 
the use of bicarbonate in order to avoid racemization and to 
improve yields of the benzoyl derivative. However, a survey of 
Fischer’s data (1-3) reveals that the bicarbonate method ac- 
complishes neither objective consistently. Recently Pacsu and 
Mullen (4) found that racemization occurred during the benzoyla- 
tion of d(—)-alanine by the bicarbonate procedure. In this 
paper we wish to report certain of our experiences with the two 
methods. 

It was observed that in the benzoylation of l-p-methoxyphenyl- 
alanine by Fischer’s procedure (3 moles of benzoyl chloride per 
mole of amino acid in the presence of excess sodium bicarbonate) 
an oil remained after the odor of benzoyl chloride had disap- 
peared. Hydrolysis of the oil yielded benzoyl-dl-p-methoxy- 
phenylalanine and benzoic acid. The aqueous solution after 
separation of the oil gave the optically active derivative. When 
2 moles of benzoyl chloride were used, a smaller amount of oil 
was produced. With 1 mole of benzoyl chloride the solution was 
practically clear at the end of the reaction and no racemization 
had occurred. In another experiment with 3 moles of benzoyl 
chloride the reaction mixture was stirred overnight. In this case 
the aqueous layer yielded a partially racemized benzoyl derivative. 

The total yield of benzoyl derivative was 70 to 75 per cent with 
1 mole of benzoyl chloride, and 75 to 85 per cent with 2 or 3 
moles. Evidently the 1st mole of benzoyl chloride reacts mainly 
with amino acid, giving the benzoyl derivative. Further amounts 
of benzoyl chloride may then react with amino acid to give small 
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additional quantities of benzoyl derivative, with water to give 
benzoic acid, with sodium benzoate to give benzoic anhydride 
(5), and with the sodium salt of the benzoyl derivative to give a 
compound which racemizes readily. This substance is hydro- 
lyzed slowly in the sodium bicarbonate solution and the extent 
of the hydrolysis determines the degree of racemization of the 
benzoyl derivative isolated from the aqueous layer. Fischer in 
several instances noted cloudy solutions and in one case obtained 
an oil at the end of the reaction. It seems probable that removal 
of the oil was responsible for Fischer’s failure to encounter racemi- 
zation more generally.' 

The benzoylation of dl-alanine and dl-O-methylallothreonine in 
bicarbonate solution gives alkali-insoluble products which on 
hydrolysis yield benzoyl-dl-alanine and benzoyl-a-aminocrotoniec 
acid respectively. Carter and Stevens (7) noted previously that 
the conversion of benzoyl-di-O-methylallothreonine into benzoyl- 
a-aminocrotonic acid was effected by conditions which cause 
racemization of acylated amino acids. 

As a result of these and other observations we have abandoned 
the use of the bicarbonate procedure and now benzoylate amino 
acids in an approximately 0.5 Nn sodium hydroxide solution as 
follows: 1 mole of amino acid is dissolved in 750 cc. of 2 N sodium 
hydroxide and 250 cc. of water are added. The solution is treated 
with 2 moles (230 cc.) of benzoyl chloride and 2300 cc. of 2 N 
sodium hydroxide in the usual manner. The temperature of the 
reaction mixture is maintained below 30° by occasional cooling 
under the tap. When the reaction is complete, the solution is 
cooled in an ice bath and acidified with 340 ec. of concentrated 
hydrochloric acid. The precipitate is removed by filtration and, 
if necessary, the filtrate is concentrated under reduced pressure, 
cooled, and filtered. The combined air-dried product is extracted 
on the steam cone with 2 liters of hot high boiling petroleum ether 


1 Identification of the oil was complicated by the presence of benzoie 
anhydride. However, it seems probable that the racemizing compound is 
an azlactone (a type of compound which racemizes rapidly) or a mixed 
anhydride, which might be expected to racemize readily as a result of the 
activating effect of the anhydride group on the a-hydrogen atom(s) of an 
acid. Steiger (6) has suggested a mixed anhydride as a possible inter- 
mediate in the racemization of acetylated amino acids by acetic anhydride. 
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and then with 1 liter to remove benzoic acid. The crude benzoyl 
derivative is purified in the appropriate manner. 

We have used this method in benzoylating /-p-methoxyphenyl- 
alanine, /-tyrosine, d-valine, d-, l-, and dl-threonine, d-, [-, and 
dl-allothreonine, dl-O-methylthreonine, dl-O-methylallothreonine, 
dil-phenylalanine, dl-alanine, dl-valine, the two dl-a-amino- 
§-benzylthio-n-butyric acids, and other amino acids. We have 
also prepared 8-phenylpropiony! derivatives of several optically 
active and racemic amino acids by this procedure. The yields 
were consistently good and no racemization was observed. 

A possible explanation of the difference between the two meth- 
ods is suggested by the following experiment. Sodium benzoate 
(0.1 mole) was treated with benzoyl chloride (0.1 mole) in sodium 
bicarbonate and in sodium hydroxide solutions under the condi- 
tions used in benzoylation. The benzoyl chloride disappeared 
completely in 10 minutes in the sodium hydroxide solution and 
only a trace of benzoic anhydride was produced. In the bicarbon- 
ate solution, 45 minutes were required for disappearance of the 
benzoyl chloride and 0.8 gm. of benzoic anhydride was isolated. 
It seems probable that the more rapid rate of hydrolysis of benzoyl! 
chloride in sodium hydroxide solution largely prevents its reaction 
with the sodium salt of the benzoyl derivative and the conse- 
quent racemization. 

SUMMARY 


The data reported in this paper indicate that benzoylation of 
optically active amino acids in sodium bicarbonate solution may 
be expected to cause a certain amount of racemization. The 
sodium hydroxide method is therefore recommended, since it is 
more convenient, gives consistently good yields of benzoyl and 
other derivatives, and has not led to racemization in any of the 
cases studied. 
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THE ACTIVITY OF CRYSTALLINE UREASE AS A FUNCTION 
OF OXIDATION-REDUCTION POTENTIAL* 


By IRWIN W. SIZER anv ALFRED A. TYTELL 


(From the Laboratory of Physiology and Biochemistry, Massachusetts Institute 
of Technology, Cambridge) 


(Received for publication, November 16, 1940) 


A number of different enzymes are activated by certain reduc- 
ing agents (e.g., KCN, HS, cysteine, and reduced glutathione) 
and inactivated by oxidizing agents (e.g., K;Fe(CN)., H2O2, and 
cystine). Under ideal conditions such inactivation is reversible 
by the addition of reducing agents (for a review of this subject 
of. Hellerman (1937, 1939)). These results have been interpreted 
on the basis of the oxidation or reduction of substituent sulf- 
hydryl groups in the enzyme molecule which are concerned with 
enzyme activity; it is proposed that the enzyme is active when the 
sulfur is in the reduced —SH form but inactive when it has the 
oxidized —-S—-S— configuration. In the case of urease the pres- 
ence of sulfhydryl groups in the enzyme molecule has been demon- 
strated (Sumner and Poland, 1933) and it has also been shown 
that as the enzyme activity disappears there is a corresponding 
loss in sulfhydryl groups (cf. Hellerman (1939)). Sizer (1939, 
1940, 1941) has demonstrated the fact that the activation energy 
of the urease-urea system may be modified by the presence of 
oxidizing or reducing agents, suggesting a change in the enzyme 
surface effected by these compounds. Apparently not all of the 
sulfhydryl groups are concerned with enzyme activity, however, 
for when the more readily detectable sulfhydryl groups have been 
rapidly oxidized with porphyrindin the urease activity is un- 
changed (Hellerman, 1939). With papain as well it is apparently 
the less reactive sulfhydryl groups which are concerned with 
enzyme activity (Hellerman, 1939). In the case of papain, which 


*Contribution No. 180 from the Department of Biology and Public 
Health, Massachusetts Institute of Technology. 
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behaves very much as does urease, Fruton and Bergmann (1940) 
question this sulfhydryl theory of enzyme action and advance the 
hypothesis that reducing agents form an active complex with the 
enzyme, thereby acting as a coenzyme. Greenberg and Winnick 
(1940), working with several papain-like plant proteases, on the 
other hand, found the sulfhydryl theory adequate to explain the 
action of reducing or oxidizing substances on enzyme activity, 

No extensive studies have as yet been made of enzyme action 
as a function of oxidation-reduction potential, although such an 
investigation could be expected to yield considerable information 
on the problem of enzyme activation and inactivation. In this 
paper such experiments with crystalline urease and a variety of 
oxidizing and reducing agents are described. The rather empirical 
character of the observations should be emphasized. 


EXPERIMENTAL 


Crystalline urease was prepared according to the method of 
Sumner (1926) and was once recrystallized according to Sumner 
and Hand (1928). Saturated suspensions in distilled water were 
stored in the refrigerator and diluted to a suitable concentration 
before use. Also used in this study were several preparations of 
recrystallized urease prepared in the Organic Chemistry Depart- 
ment, Massachusetts Institute of Technology, by Mr. Walter 
Hughes, who used a modification of Sumner’s method in the prepa- 
ration of urease. 

The urease activity was followed by measuring the liberated 
CO, manometrically with the method developed by Sizer (1939, 
1940, 1941). A stock solution was prepared which contained 3 
per cent urea, 5.4 per cent NasHPO,, and 4.25 per cent KH,PO, 
2 ml. of this solution were placed in the reaction flask ; to this were 
added 1 ml. of water, or of oxidant, or of reductant solution, and 
finally, 1 ml. of urease solution. The digest was adapted with 
shaking to the temperature of the water bath (30° + 0.02°) for 
3 minutes before the stop-cocks were closed. Ten manometer 
readings were taken at minute intervals. The oxidation-reduc- 
tion potential of the digest was then measured with the platinum 
electrode at room temperature. In several experiments the oxi- 
dation-reduction potential of the digest was followed during the 
course of the hydrolysis of urea, but, with the exception of the 
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Na,S.0, digest, it was found to be constant. The E, of a digest 
containing sodium hydrosulfite was so unstable that it was neces- 
sary to measure the potentials at once rather than after 13 min- 
utes. Four different experiments were run simultaneously with 
four manometers; one of the four was the control containing dis- 
tilled water instead of an oxidizing or reducing substance, and the 
rates of the others were expressed as a percentage of the control. 

The concentration of the oxidizing and reducing compounds 
was usually 0.005 m, although in some cases slightly higher or 
lower concentrations were used. Preliminary studies of urease 
activity as a function of salt concentration indicated that in gen- 
eral concentrations below 0.02 m were not toxic. 


Results 


When c.mm. of CO, liberated from urea by the urease is plotted 
against elapsed time in minutes, a linear relationship is obtained 
(ef. Sizer (1939, 1940, 1941)). The slope of the straight line drawn 
through the plotted points is taken as the measure of rate. The 
presence of oxidizing or reducing substances in the digest changed 
only the rate of the reaction and did not modify the linearity of 
the plot. 

A preliminary survey indicated that certain substances were 
satisfactory for use with urease, while others, especially the heavy 
metal salts and many aromatic compounds, completely inactivated 
the urease. Eighteen different satisfactory oxidizing and reduc- 
ing solutions were selected which covered the EH, range from 
—260 to +540 millivolts, and in each experiment the activity of 
urease was measured in each of the eighteen solutions as well as 
in the six controls. Urease activity was then expressed as a 
percentage of the control activity and plotted against Ey. Ina 
single experiment the plotted points were widely scattered about 
a bell-shaped curve which resembles a typical pH-activity curve. 
In view of such dispersion of the plotted points nineteen independ- 
ent experiments were performed with ten different preparations of 
crystalline urease. Similarly shaped curves with optimum ac- 
tivity at about Z, = +150 millivolts were obtained in all cases, 
although minor differences were apparent, the activity of certain 
urease preparations being affected by the range of oxidation- 
reduction potential to a much greater extent than that of others. 
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The stability of a single urease solution with reference to E, was 
often found to change when the preparation was stored at 4° 
for several days. Hellerman (1939) has also reported that 
erystalline urease sometimes behaves in a “‘capricious’’ manner 
with reference to oxidizing and reducing compounds. It was 
believed at first that this variability in behavior was due to the 
methods used in preparing crystalline urease. Samples of re- 
crystallized urease prepared in a somewhat different manner were 
obtained from Mr. Walter Hughes. These were studied in the 
usual manner, and the results obtained were similar in every 
respect to those obtained with our own urease samples. 

The similarity of the general trends of the results obtained in 
the various experiments justified the averaging of all of the data 
of nineteen different experiments (twelve with our urease, seven 
with Hughes’ urease). From these averages the standard devia- 
tions for EZ, and per cent urease activity were calculated (ef. 
Table I). The average per cent activity was plotted against the 
average E, for each of the eighteen different oxidizing and reduc- 
ing solutions (Fig. 1). It is evident from Fig. 1 that even though 
the points are somewhat scattered they may be approximately 
fitted by a smooth bell-shaped curve; the optimum &, for urease 
activity lies between +100 and +200 millivolts. It is apparent 
that urease activity is a continuous function of EF, and that there 
is no abrupt change in activity when mild reducing agents are 
added to urease partially inactivated by oxidants. Another strik- 
ing and previously unreported feature of the E,-activity curve is 
the fact that the enzyme activity declines at very low oxidation- 
reduction potentials in the presence of strong reducing agents. 
Too much emphasis should not be placed upon this, however, 
since points at low potentials were obtained with only Na»S and 
NaS.0,. Preliminary studies by one of us (I. W. S.) on urease 
activity at EZ, = —370 millivolts, in which hydrogen was bubbled 
into a urease solution containing platinized asbestos (this asbestos 
had no effect on urease activity), indicate that urease is appre- 
ciably inactivated at this low potential. 

When the variability of the data, as measured by standard 
deviation (Table I), is examined, it is apparent that the urease 
activity at a given E, is extremely variable (cf. Hellerman (1939)) 
and has its maximum variability in solutions of very low potential. 








—_ = = 


~ 











I. W. Sizer and A. A. Tytell 635 


The oxidation-reduction potential is most variable in the middle 
of the EZ, range studied, where the system is not as efficiently 
poised as at the extremes. 

Examination of the plotted curve reveals the fact that the point 
for thiourea is unusually low; this is probably due to the fact that 
this substance has a slightly toxic action on the urease, or possibly 


TaBLe [| 


Activity of Crystalline Urease As Function of Oxidation-Reduction Potential 
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because thiourea offers competitive inhibition by displacing the 
urease from the urea surface. The control point is also low, sug- 
gesting that in addition to E, activation there is also some salt 
activation; 7.e., urease dissolved in distilled water has a lower 
activity than when in the presence of an oxidizing or reducing 
compound at the same Ej. 
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A similar E,-activity curve with about the same optimum can 
also be obtained by using successive dilutions of a strongly reduc- 
ing agent such as NaS and of a strongly oxidizing agent such ag 
KMn0O,, and measuring the activity of urease in each dilution as 
illustrated in Fig. 2. This method has the disadvantage that 
concentration and toxicity effects not related to E, may be super- 
imposed on those related to oxidation-reduction potentials. It is 
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Fig. 1. Per cent urease activity is plotted as a function of the oxidation- 
reduction potential of the digest. The optimum £, lies at about +150 
millivolts. A list of the oxidizing and reducing compounds used to poise 
the E, of the digest, their concentrations, and the corresponding E, values 
of the digest are presented in Table I. 


suggested that the curve in Fig. 2 falls off more rapidly at high 
E, values than does that of Fig. 1 owing to the specific toxicity of 
the KMn0O, to urease. 

A third method of investigating the E,-activity curve is to 
employ mixtures of oxidants and reductants in which the cumula- 
tive concentration of oxidant plus reductant is 0.005 m. A typical 
example of such an experiment is presented in Fig. 3 where 
K,Fe(CN), has been mixed in various proportions with 
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K;Fe(CN)s or with Na,S,0,. The relationship between E, and 
urease activity is strikingly similar (compare Figs. 1 to 3) when 
studied by these three different methods. 
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Fig. 2. Per cent urease activity is plotted against the oxidation-reduc- 
tion potential of the digest. The optimum &, is roughly +130 millivolts. 
The plotted points represent the urease activity and E, of digests which 
contained one of the following: 0.05, 0.025, 0.01, 0.005, 0.025, 0.0012, 0.0005, 
0.00025 m NaS (cf. points on the left side of the curve), or 0.0001, 0.00005, 
0.00004, 0.000025, 0.000019, 0.000012, 0.000006 m KMnO, (ef. points on the 
right side of the curve). 


Tovicity of Oxidizing and Reducing Solutions—An examination 
of Fig. 1 raised the question as to whether or not the inhibitory 
effects of 0.005 m KsFe(CN)<, 0.01 m Na.S, and the several concen- 
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trations of Na,S,0O, may not be related to the specific toxicity of 
these compounds for urease rather than to their oxidation. 
reduction potentials. This problem was investigated by holding 
the concentrations of the above salts constant and by changing 
the E, of the solutions with the addition, without affecting the 
concentration of the original salt, of other oxidizing and reducing 
substances. Since the concentration of the original substance js 
unchanged, it can be argued that any increase in urease activity 
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Fig. 3. Per cent urease activity is plotted against the oxidation-reduc- 
tion potential of the digest which contained a total concentration of oxidant 
+ reductant = 0.005 m. The optimum &, is roughly +170 millivolts, 
Points on the negative side were obtained with digests which contained 
Na,S,0, in the following ratios to K,Fe(CN)., 1:0, 1:4, 1:9, 3:17. The 
uppermost point is for a digest containing 0.005 m thioglycolie acid. For 
points on the positive side ratios in the digest for K;Fe(CN)«.: K«Fe(CN)s 


were 1:0, 3:1, 1:1, 1:3, 0:1. 


effected by changing the EZ, indicates that the original concentra- 
tion of the oxidizing or reducing compound was not toxic. The 
addition of various amounts of K,Fe(CN)., or Na2S.O,, or NaS, 
to a urease solution containing 0.005 m K;Fe(CN). lowered the 
E, and also raised the urease activity, although the concentration 
of ferricyanide was unchanged. Similarly the addition of 
K;Fe(CN). to a 0.0025 m Na,S.0, solution, or the addition of 
a solution of KCN, of Na2S.0s, or of HO, to a 0.005 m NaS:0. 
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solution, brought about an increase in E, and a corresponding 
increase in urease activity; the addition of K;Fe(CN). to a digest 
containing a 0.01 m solution of NaS raised the EZ, and the enzyme 
activity. With K;Fe(CN)., or NaS, studies were made of urease 
activity as a function of salt concentration; it appeared that these 
substances were toxic only at concentrations considerably greater 
than those employed in the E,-aetivity experiments. In the case 
of Na.S.O, and NaS, solutions of low E, inactivate, while those 
of higher £, activate the urease; these results are not as easily 
explained upon the basis of the toxicity theory. From the fore- 
going series of experiments it appears that the effects of 
K;Fe(CN)s, NaeS, and Na»S.O, on urease activity may be cor- 
related, at least in part, with the oxidation-reduction potentials of 
these substances, rather than solely with any specific toxic effects 
of these salts on urease. 

pH Changes—The addition of oxidizing or reducing compounds 
to the urease-urea digest buffered with phosphate did not appre- 
ciably modify the pH. In all cases the pH was 6.8 + 0.1 as 
measured with the glass electrode. 

Other Oxidizing and Reducing Compounds Used to Stabilize the 
Potential—Many different oxidizing and reducing compounds were 
tried, some of which were satisfactory, while others were not. 
Among the useful compounds found were cystine, methionine, 
glutathione, NaClO;, and KNOs;, and among the unsatisfactory 
compounds found were heavy metal salts, many aromatic com- 
pounds, ascorbic acid, riboflavin, iodoacetic acid, and most of the 
dyes which were used. The results with phenolic compounds, 
ascorbic acid, iodoacetic acid, and dyes are essentially in agree- 
ment with those reported for urease by Quastel (1932, 1933) and 
by Hellerman (1939). 

Experiments with Crude Urease—A 0.15 per cent suspension of 
Squibb urease was prepared and filtered and the effect on activity 
of each of the eighteen different'oxidizing or reducing solutions 
was measured. A similar experiment was performed on a 0.4 
per cent suspension of jack bean meal after filtration. With both 
these crude urease preparations there was no detectable action of 
the different oxidizing or reducing solutions upon enzyme activity. 
These results are in agreement with those of Fischgold (1934) 
who could find no relationship between oxidation-reduction po- 
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tential and the activity of crude urease. Similar results on crude 
soy bean and Proteus vulgaris urease were reported by Sizer (1940, 
1941). 

Reversibility of Oxidation-Reduction Effects—The reversibility 
of the effects of oxidizing and reducing agents on urease activity 
has been investigated extensively by others (cf. Hellerman (1937)) 
and so this subject was not investigated in detail. Contact of 
urease with strong oxidizing or reducing agents for even short 
periods of time resulted in irreversible inactivation. In the usual 
E,-activity experiments contact with the oxidizing or reducing 
solutions was so brief that irreversible inactivation did not usually 
occur. Aeration of a urease solution for a few hours brings about 
partial inactivation which can be reversed by the addition of 
reducing agents (cf. Ganapathy (1938)). 


DISCUSSION 


It appears from this study that an E, range of +100 to +200 
millivolts is optimal for urease activity, and that above and below 
this range the urease activity decreases. The similarity of this 
E,-activity curve to the typical pH-activity curve is striking and 
suggests that Z, as well as pH control may be important in many 
enzyme studies. It seems very likely that a similar 2,-activity 
relationship characterizes certain other enzymes which are ac- 
tivated by reductants and inhibited by oxidants. 

The data on urease activity as a function of EZ, are in general 
consistent with the sulfhydryl theory. Hellerman (1939) has 
pointed out that in the urease molectle the sulfhydryl groupings 
differ greatly in reactivity. It seems likely that as the K, is 
decreased from +540 to +150 millivolts more and more —S—S— 
groupings are reduced to —SH groupings with a corresponding 
increase in urease activity. At potentials below +150 millivolts 
it is possible that reduction of certain stable groupings in the 
enzyme (sulfhydryl, or other reducing groups essential for enzyme 
activity) brings about progressive inactivation of the molecule. 

The data are not considered to be consistent with Fruton and 
Bergmann’s suggestion (1940) that reducing agents activate by 
acting like coenzymes to form complexes with the enzyme. The 
difference in activation produced by different reductants appears 
to be related to differences in oxidation-reduction potential rather 
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than to specific differences in the activities of different reductant- 
enzyme complexes. 


The authors are very grateful to Mrs. Robert Hull, Mr. Walter 
Hughes, and Mr. Herbert Jaffe for assistance rendered. 


SUMMARY 


The relationship of the activity of crystalline urease to oxida- 
tion-reduction potential has been studied over the range from 
E, = +540 to —260 millivolts with a large number of different 
oxidizing and reducing agents to poise the potential at various 
values. Urease activity was found to be a continuous function 
of £,; a bell-shaped curve was obtained when urease activity 
was plotted against Z, with a maximum activity at about EZ, = 
+150 millivolts. These results are interpreted in terms of the 
oxidation or reduction of constituent essential sulfhydryl] linkages 
in the urease molecule by oxidants or weak reductants. The 
inactivation by strong reductants may be related to more ex- 
tensive reduction of sulfhydryl or other groups essential for urease 
activity. 

The activity of crude urease, unlike that of crystalline urease, 
is unaffected by the oxidizing and reducing agents which were 
used. Impurities present in the crude enzyme apparently pro- 
tect the urease from the action of such agents. 


Addendum—Since the completion of this work, studies have been made 
by one of us (I. W. S.) on the oxidation-reduction potential of the jack 
bean. The beans were soaked overnight in distilled water, the seed coats 
removed, and the potentials measured after the platinum electrode was 
inserted directly into the cotyledon of the bean. The average potential 
obtained was E, = +190 millivolts. The similarity of this value with the 
optimum Z, for urease activity is striking, and may have some signifi- 
cance with reference to the normal physiology of the jack bean. 
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IMPROVED APPARATUS FOR THE EXTRACTION OF 
LIPIDS FROM LIQUIDS AND SOLIDS, WITH FURTHER 
APPLICATIONS TO THE FRACTIONATION OF 
FECAL FAT 


By IRVING ALLAN KAYE, I. WALLACE LEIBNER, anv 
ALBERT E. SOBEL 


(From the Pediatric Research Laboratory, The Jewish Hospital of Brooklyn, 
New York) 


(Received for publication, December 16, 1940) 


In attempting to follow up and extend previous investigations 
involving the determination of lipids in biological substances 
with a drying and extraction apparatus (1) we encountered cer- 
tain difficulties. The present modification is introduced in the 
hope of saving other investigators, using this apparatus and 
method, from similar difficulties, and to point out further uses 
and several added advantages of a modified apparatus with added 
accessories. 

It was early observed that the moisture trap in the original 
apparatus could not be relied upon to give an accurate estimate 
of the amount of water contained in the sample. The water in 
this part of the apparatus kept increasing during the period of 
drying and subsequent extraction. The final weight of water 
added to the weight of lipids and dry residue in the thimble ex- 
ceeded the weight of the original sample. Obviously water vapor 
must have entered the apparatus during the period of active use. 
Attaching a drying tube to the open end of the condenser did not 
remedy this condition. It was concluded that water vapor, either 
from the air or the water baths used to heat the separate parts of 
the apparatus, seeped through the ground glass joints. The same 
phenomenon was observed in other drying and extraction pieces 
of apparatus of the same type sold by different commercial con- 
cerns. The original solution to this problem was to run a blank 
experiment in the apparatus for the same length of time as re- 
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quired in a determination and subtract the amount of water 
found in the blank run. The dry weight, i.e. the combined weight 
of the lipid residue and material in the thimble, was found to be 
a more accurate index of the solid content and, indirectly, of the 
amount of water in the moist sample. 

The same method as that used in the determination of the 
neutral fat fraction of feces was applied to a study of brain lipids. 
In this problem anaerobic extraction is to be preferred, as phos- 
pholipids, in which the brain is rich, are easily oxidized in the 
presence of air. To accomplish this, a T-tube was attached to 
the open end of the Hopkins condenser. One end was attached 
to a water aspirator and the other to a balloon of nitrogen. The 
T-tube was held in place by rubber connections; Hoffman screw 
clamps were inserted at these points. The apparatus was first 
evacuated thoroughly, then sealed off from the suction with a 
Hoffman screw clamp. The other clamp was then opened, per- 
mitting nitrogen from the balloon to flood the system. The pro- 
cedure from this stage on was the same as that in the original 
method. The chief difficulty again lay in the ground glass joints, 
for often in a few hours the nitrogen leaked out of the system. 

Both the limitations are corrected in a modified apparatus, 
shown in Fig. 1. A different type of joint is used; namely, a 
ground glass joint dipping into a pool of mercury. In addition, a 
2-way stop-cock is sealed to the open end of the Hopkins reflux 
condenser. When an ordinary balloon containing nitrogen is 
attached to one part of the 2-way stop-cock, in the procedure 
just described, namely evacuating the system with a water aspira- 
tor after the thimble is inserted into the extraction chamber B, 
placing 100 ml. of the solvent in flask A, and then opening the 
2-way stop-cock to the balloon, a startling contrast to the diffi- 
culties mentioned was afforded. No water blank at all was en- 
countered and the balloon did not visibly collapse even after 3 
days of extraction. The possibility of performing continuous 
extractions in this apparatus at reduced pressures may be men- 
tioned, especially in connection with the extraction of heat-labile 
substances with a high boiling solvent. 

An added advantage of these new features is the ease in freeing 
the apparatus of the last traces of solvent after extraction is com- 
plete and most of the solvent has been distilled over and collected 





Ssa3reecr>- 





Kaye, Leibner, and Sobel 645 


through the stop-cock of the moisture trap C. The apparatus 
is then completely evacuated and warm water baths at about 60° 
are placed around flask A and extraction chamber B. After a 
few hours of this treatment the residue in the thimble and the 
contents of the flask are solvent-free. 











Fia. 1. Improved apparatus for the extraction of lipids 


By adding a specially constructed glass thimble and spiral tube, 
both shown in the extraction chamber of Fig. 1, the apparatus can 
be used as a liquid extractor. This was originally designed to be 
used in the fractionation of fecal fat and seemed to operate quite 
successfully in a trial run wherein the neutral fat fraction of 
feces, containing neutral fat, unsaponifiable fat, and fatty acids, 
was treated with dilute aqueous sodium hydroxide to convert the 
fatty acids into soaps. Extraction of the aqueous layer in this 
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glass thimble by means of the spiral tube with petroleum ether 
as solvent seemed to remove the neutral fat and unsaponifiable 
fractions in a short time, leaving the fatty acids behind in the 
aqueous layer. By means of such a scheme, it is hoped a quan- 
titative separation of the fat components of feces may be effected, 

It was also found that alundum thimbles of coarse porosity 
could be successfully used in lipid extractions in place of the 
paper thimbles previously used. They are of advantage from the 
point of view of economy, since they can be used repeatedly. 
They are easily cleaned after an analysis by simply scraping out 
most of the residue mechanically, igniting at 500° in a muffle 
furnace, and washing with dilute acid followed by water. They 
are then dried at 110° and are ready for use when cool. Their 
weight remains fairly constant even after several determinations, 

It has been found advisable to insulate with asbestos the side 
arms of the extraction chamber B and the moisture trap C. In 
this way less heat is required in the process of drying flask A and 
higher boiling liquids may be used. 

Isopropyl ether, as has been pointed out previously (1) is an 
excellent fat solvent and can be used for drying moist substances 
but forms peroxides easily. If the pure solvent is used, un- 
saturated fats can be easily oxidized and, in addition, a heavy 
deposit of a brown, sweet smelling, non-lipoidal material is formed 
in the extraction flask. This material is always associated with 
the appearance of peroxides in the ether and does not appear if 
the solvent is peroxide-free. Recovered isopropyl ether is ren- 
dered peroxide-free by shaking with dilute sodium bisulfite solu- 
tion until the ether no longer liberates iodine from acid potassium 
iodide solution. This usually requires only one treatment with 
the bisulfite solution. The solvent is then dried for a few minutes 
over anhydrous sodium sulfate and then distilled. The fraction 
boiling at 66-69° is collected. Exactly 20 mg. of hydroquinone 
are then added to a liter of the isopropyl ether. In the presence 
of this antioxidant no peroxide formation occurs on standing at 
room temperature or extraction at its boiling temperature. The 
weight of hydroquinone used does not alter to any significant 
extent the dry weight of the sample. 

Determination of Soaps in Feces—Soaps have been determined 
by a modification of the method of Sabatucci Trajna (2) which 
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is a method quite similar to that used by Tidwell and Holt (3). 
In the former method, the soaps in the feces are converted to 
fatty acids by treatment with concentrated aqueous hydrochloric 
acid after the neutral fat, unsaponifiable fat, and fatty acids have 
been extracted. The fatty acids so formed are then extracted 
with benzene. 

Similarly the dry residue in the alundum thimble is treated 
with 2 ml. of concentrated hydrochloric acid and placed immedi- 
ately in the extraction chamber B containing about 15 ml. of 
benzene. The apparatus is then set up and about 100 ml. of 
benzene are added to flask A. The benzene in flask A and ex- 
traction chamber B is heated to boiling by means of external baths 
and the aqueous hydrochloric acid is collected in the moisture 
trap. About 2 hours are necessary for complete removal of the 
hydrochloric acid. The bath surrounding the extraction chamber 
is then removed and the fatty acids are extracted for about 6 
hours. The benzene is removed and the apparatus freed of the 
solvent by the aforementioned procedure involving the use of a 
vacuum. The residue is then redissolved in petroleum ether and 
filtered according to the technique described in an earlier 
publication (1). 

Description of Apparatus—The dimensions of the original ap- 
paratus are retained in the main in the modified apparatus. The 
modifications alone will be described. 

The ground glass joints used in the apparatus are interchange- 
able 29/42 joints. The outside diameter of the mercury seal is 
54mm. A round, flat bottomed extraction flask A has been sub- 
stituted for the original Erlenmeyer flask. The capacity of the 
flask is 200 ml. and its outside diameter at its widest point is 76 
mm. The neck of the flask, extending 10 mm. from the body of 
the flask to the bottom of the mercury seal male joint, has an 
outside diameter of 28 mm. 

In the extraction flask, B, the female counterpart of the joint 
is sealed to the outer side arm at a point 67 mm. from the lower 
end. The inner siphon tube extends 15 mm. below the bottom 
of the chamber itself. A male mercury seal joint is sealed to the 
top of the extraction chamber. The total length of the chamber 
from the top of the seal to the bottom of the chamber is 205 mm. 
The outside diameter of the chamber is 35 mm. The siphon tube 
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is bent at a 60° angle away from the chamber. The moisture trap, 
C, has a female mercury seal joint at the bottom of the side arm 
and a female joint above the graduated scale. The capacity of 
the graduated tube has been enlarged to 10 ml. The outside 
diameter of the tube is 10} mm. A No. 12 ground glass stopper 
having a 1 mm. bore is sealed to the bottom of the tube which 
measures 10 mm. in height from the stopper to the lower side arm. 
The glass tube below the stopper extends for 30 mm. and its out- 
side diameter measures 9 mm. The length of the side arm has 
been shortened to 140 mm. from the center of the right angle bend 
to the bottom of the joint. The angle that this side arm makes 
with the main tube is 75°. The outside diameter of the tube 
above the graduated scale is 28 mm.; the tube is 60 mm. in length 
from the end of the narrower tube to the bottom of the joint. 

The Hopkins reflux condenser, D, has a female joint sealed to 
it. The 2-way stop-cock attached to the condenser is a No. 12 
stop-cock of 1 mm. bore. The tubing connected to it is of 9 mm. 
outside diameter. 

The spiral tube is 210 mm. in length. The upper cup has‘a 
diameter of 19 mm. and extends for 33 mm. The outer edge of 
the spiral is lower than the inside edge, as the flat part must have 
a continuous downward slope from the center tube to the out- 
side edge. 

The glass thimble is 9 mm. wide and 90 mm. long. Three glass 
legs are sealed to the bottom. The alundum thimble, of coarse 
porosity, has the same dimensions. Both thimbles have two holes 
in them near the top, so that platinum wire may be drawn through 
them, making handling easier. The balloon, not pictured in the 
diagram, should be of a good quality rubber. 


SUMMARY 


1. A modification of the drying and extraction apparatus is 
described which contains an improved type of joint and a 2-way 
stop-cock attached to the open end of the Hopkins reflux con- 


denser. 
2. This new apparatus permits of more accurate determinations 


of water content. 
3. Extractions can now be performed in inert atmospheres and 


at reduced pressures. 
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4. By means of specially constructed accessories, the apparatus 
can be used as a liquid extractor. 

5. Soaps may be determined conveniently in this apparatus 
by a modification of Sabatucci Trajna’s procedure. 

6. The dangers inherent in the use of pure isopropyl ether for 
fat extractions are pointed out and the preparation of a peroxide- 
free solvent, involving the use of an antioxidant, is recommended. 


We wish to thank Dr. Benjamin Kramer for his help and in- 
terest in this work. 

We also wish to thank the Scientific Glass Apparatus Company 
of Bloomfield, New Jersey, for their aid in making the apparatus. 
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(From the Department of Biochemistry, Dalhousie University, Halifaz, 
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Recently the excretion during pregnancy in the mare of a new 
androstanol-3(8)-one and of allopregnanol-3(8)-one-20 was re- 
ported (Heard and McKay (2)). Further examination of equine 
pregnancy urine has now resulted in the isolation of another un- 
described hydroxy ketonic steroid, which has been proved to be 
A-5,7 ,9-estratrienol-3-one-17 (formula (I)), a bond isomer of 
estrone in which Ring B instead of Ring A is benzenoid. 

The neutral hydroxy ketones were separated from urine in the 
manner previously described (2), and fractionally distilled in 
vacuo. The oil collected from 170-210° was divided into a digi- 
tonin-precipitable and a digitonin-non-precipitable fraction. 
Treatment of the latter with semicarbazide gave a mixture of 
gelatinous semicarbazones, decomposing at 220-224°, which re- 
sisted purification by the usual methods. Hydrolysis of the semi- 
carbazones led to an orange oil, which could not be induced to 
crystallize, but which, on acetylation, yielded well defined plates 
melting sharply at 158° after two sublimations and two recrystal- 
lizations. Benzoylation proved a more satisfactory means of 
isolation because of the sparing solubility of the benzoate (m.p. 
196-198°) in the ordinary organic solvents. Saponification of the 
acetate and of the benzoate gave the same product, which, after 
purification by sublimation and repeated recrystallization, had a 
melting point of 138-139.5°, [a], +59°. The compound ecrystal- 
lized in a mixture of needles and characteristic monoclinic prisms 


* A preliminary announcement has previously been made (1). 
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which could be separated mechanically and which melted at the 
same temperature. When an aqueous ethanolic solution was 
seeded with the latter modification, the whole crystallized in that 
form (Fig. 1). In all about 160 mg. of pure substance were ob- 
tained from approximately 10,000 gallons of urine. This does not, 
however, represent the amount excreted, owing to loss in purifica- 
tion and the unavoidable scattering of material in exploratory 
work among many fractions, all of which have not yet been 
examined. 

Analysis of the compound and several of its derivatives clearly 
established the empirical formula, CisHeO.. That 1 oxygen 





Fic. 1. Monoclinic erystals of A-5,7,9-estratrienol-3-one-17 (from 


aqueous ethanol). 


atom was contained in a non-phenolic hydroxyl group was ap- 
parent from the insolubility of the substance in aqueous sodium 
hydroxide solution and the fact that it gave a monoacetate; the 
ketonic character of the 2nd oxygen atom was proved by the 
formation of a monooxime (m.p. 195-197° with decomposition). 
With tetranitromethane, an intense yellow coloration was pro- 
duced immediately, and with nitric acid in the cold, an orange- 
yellow color rapidly developed. Since the absence of isolated 
ethylenic linkages was demonstrated by bromine titration (ob- 
served 0.06 ethenoid linkage), the unsaturation to tetranitro- 
methane and the positive xanthoproteic reaction were obviously 
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due to the presence of a benzenoid ring. This was confirmed by 
the ultraviolet absorption spectrum (Curve A, Fig. 2), which 
further indicated that the aromatic ring occupied a central rather 
than an end position in the nucleus. The main absorption band 
was observed at 269.5 mu, with a shoulder or small maximum at 
278 mu. The curve thus differs markedly from that of estrone 
(Curve B, Fig. 2) and unsymmetrical octahydrophenanthrene (3), 
but closely parallels those pertaining to symmetrical octahydro- 
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Fig. 2. Absorption spectra (in absolute ethanol) of A-5,7,9-estratrienol- 
3-one-17 (Curve A), estrone (Curve B), and A-3,5,7,9-estratetraenone-17 
(Curve C). 


phenanthrene (3) and the Ring B aromatic steroids (neoergo- 
statriene (4), neoergosterol (5) and its epimer (6), and the A-5,7 ,9- 
estratrienediols-3,17 (7)). Proof of the A-5,7,9-estratriene 
skeleton and of the location of the substituents on Cs and C,7 was 
provided by the identification of the product of hydrogenation. 
In neutral alcohol and with the Adams platinum catalyst, 1 mole 
of hydrogen was taken up to yield a diol, C:sH,,O2, with physical 
properties (m.p. 168°, [a], —5°, m.p. of diacetate 115°) in good 
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agreement with those of A-5,7 ,9-estratrienediol-3(8) ,17(a) (II). 
The latter was obtained by Ruzicka, Miiller, and Mérgeli (8) and 
by David (7) on reduction of Ring A and the carbonyl! group of 
equilenin (III) (also from 17(a)-dihydroequilenin); the Swiss in- 
vestigators record a melting point of 166.5°, m.p. of diacetate 
115°, and David 166-168°, [a], — 16°, m.p. of diacetate 117—118°, 
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An authentic specimen of the diol (II), prepared from equilenin 
(III) by hydrogenation in acid ethanol (8), did not depress the 
melting point of that from the urinary hydroxy ketone; likewise 
there was no depression of melting point on admixture of the 
diacetates from the two sources. Since the diol (II) could result 
from the hydrogenation of the carbonyl] group of either 3-hydroxy- 
17-keto-A-5 ,7 ,9-estratriene (I) or the corresponding 3-keto-17 (a)- 
hydroxy derivative, it was necessary to distinguish between these 
two possible structures. The former was strongly indicated by 
the rate of color development with the Zimmermann (9) ketone 
reagents, which simulated more closely a 17- than a 3-keto com- 
pound, and by the magnitude of the decrease of dextrorotation on 
reduction of the carbonyl group to the alcohol (observed A[M], 
—173°), which is consistent with the change from a 17-keto to a 
17(a)-hydroxy steroid, but greater than the values pertaining to 
the conversion of 3-keto to 3(a@ or 8)-hydroxy steroids (vide Callow 
and Young (10)). Structure (I) was conclusively established 
when it was found that dehydration proceeded readily on heating 
to 150° with potassium hydrogen sulfate, conditions which effect 
removal of the hydroxyl group of neoergosterol (11) and 22-dihy- 
droneoergosterol (4) with the introduction in Ring A of anethylenic 
linkage in conjugation to the bonds of the aromatic Ring B. That 
the dehydration product (m.p. 114-116°) contained such a system 
was revealed by the ultraviolet absorption spectrum (Curve C, 
Fig. 2), which exhibited a broad maximum at 268 my, with 
e = 4600 (cf. neoergostapentaene (4, 6) and neoergostatetraene 
(4)). Clearly this conjugation could arise only from the 3-hy- 
droxy compound (I), and the product must be A-3 ,5,7 ,9-estra- 
tetraenone-17 (IV).! 

It is highly probable that the C; hydroxyl group possesses the 
8 configuration.2 This is evident from the work of Ruzicka, 


1The ketone (IV) is undoubtedly identical with the ketone (m.p. 
114-115°) isolated (as semicarbazone) by Chakravorty and Wallis (12) 
from the products of warm chromic acid oxidation of epineoergosteryl 
acetate, which contained but 1 oxygen atom and exhibited a flat absorption 
maximum at about 267 my, with Z i* = 208 (whence « = 5300). The 
authors state that, during the treatment, “‘the hydroxyl group at C; was 
lost and a double bond, presumably between C;—C,, was introduced.” 

* The prefixes a and 8 are here used in the sense advocated by Fieser 
(13) to designate the orientation of the C; hydroxyl group relative to the 
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Miiller, and Mérgeli (8) and of David (7) who obtained from 
equilenin (III) and its 17(a)-dihydro derivative both members 
(II and V) of the C; epimeric pair of 3,17(a)-diols, which had 
(7) melting points of 166-168°, [a], —16°, and 191—193°, [a], 
+68°. Hydrogenation in acid ethanol yielded the lower melting 
isomer, while reduction with sodium in ethyl or amyl alcohol gave 
both diols, chiefly that with the higher melting point. Respec- 
tively the 8 (II) and @ (V) configurations were assigned.* This 
is consistent with the generalizations that the 8 epimer possesses 
the lower melting point and more negative rotation, which rela- 
tionships have been well established for steroids containing the 
angular methyl group on Cy (Reindel and Niederlinder (15), 
Callow and Young (10)), and which are true of the only character- 
ized C; epimeric pair of Ring B aromatic steroids, neoergosterol 
(m.p. 152°, [a], —11°) and epineoergosterol (m.p. 177°, [a], +27°). 
Since reduction of the 17 carbonyl group of the natural compound 
gives rise to the diol with a melting point of 168°, it follows that 
the C;—OH is §-oriented. 

The characterization of A-5,7,9-estratrienol-3(8)-one-17 is 
quite irreconcilable with the conclusions arrived at by Remesov 
(16) concerning the structure of a highly potent estrogenic sub- 
stance (“folliculosterone’’) derived from neoergosterol by, to quote 
Wintersteiner and Smith (17), “a not very clearly described pro- 
cedure of oxidative degradation (lacking in characterization of 
the intermediary products).’’ Remesov formulated the com- 
pound (m.p. 252°) as (I), mainly on the basis of the non-phenolic 
nature of the hydroxyl group and the ultraviolet absorption spec- 
trum. While folliculosterone could conceivably be the C; epimer 








remainder of the molecule as a whole. 8 thus indicates the “‘normal” 
configuration as found in norsterol, neoergosterol, cholesterol, etc., and 
a, the “‘epi’’ configuration. 

* From the products of reduction of equilenin (III) and 17(a@)-dihydro- 
equilenin with sodium in amy] alcohol, Marker et al. (14) isolated a A-5,7,9- 
estratrienediol-3,17(@), m.p. 172°, for which they suggested the 3(a) 
configuration (V) on the grounds that Windaus and Deppe (6) obtained 
epineoergosterol from tetradehydroneoergosterol by the same treatment. 
In view of the later work of David (7) who showed that both C; epimers 
result from reduction of equilenin with sodium in ethyl or amyl alcohol, 
and in consideration of the melting point, it would seem more probable 
that the diol of Marker et al. possesses the 3(8) configuration (II). 
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of the urinary estratrienolone, two important facts weigh against 
this likelihood. As Ruzicka, Miiller, and Mérgeli (8) point out, 
the high estrogenic activity of Remesov’s compound i in the Allen- 
Doisy test (8 to 10 million Lv. per gm.) is inconsistent with the 
formulation. The 17(a)-diol corresponding to folliculosterone 
(i.e., (II)) should be more potent than the ketone itself (cf. a-estra- 
diol and estrone), whereas they found a much lower order of 
activity for both C; epimers (II and V) of A-5,7 ,9-estratrienediol- 
3,17(a) (about 250 and 120 to 150 y per rat unit, which values 
correspond approximately to 40,000 and 66,000 to 83,000 1.vU. per 
gm.). Also the absorption spectrum curve recorded by Remesov 
is not in agreement with the structure assigned. The light prop- 
erties of Ring B aromatic steroids are well established (3-7), the 
main maximum occurring at 269 to 270 my, with ¢€,,,. in the neigh- 
borhood of 400. Folliculosterone exhibits maximum absorption 
at 282 my, with an extinction coefficient some 10 times greater 
than the above value. 

While an attempt to explain the biogenesis of A-5,7 ,9-estra- 
trienol-3(8)-one-17 (I) must necessarily be speculative, its deriva- 
tion from estrone (VI) by the sequence of oxidation and reduction 
indicated is in accord with the known facts. Equilenin (III), 
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excreted in relatively large amounts toward the end of gestation 
in the mare (18), is generally regarded (vide Fieser (13)) as arising 
from estrone (VI) by dehydrogenation. In support of this con- 
cept is the occurrence in urine of smaller quantities of phenolic 
estrogens containing an ethylenic linkage in Ring B, which may 
be considered as intermediary compounds in the aromatization 
process, 7.e., equilin (VII), the output of which also rises as par- 
turition approaches (19), hippulin (20), and a diol possessing the 
double bond in conjugation to the benzenoid ring, recently iso- 
lated by Hirschmann and Wintersteiner (21) and believed to be 
a A, 7-17-dihydroequilin (22). The fact that, in vitro, Ring A of 
equilenin (III) can readily be saturated, whereas Ring B is difficult 
to reduce (6-8), makes reasonable the supposition that the same 
selective hydrogenation (III to I) takes place in vivo. 


EXPERIMENTAL 


Melting points were taken on a long stem thermometer with 
the aid of a low power microscope; the values recorded are un- 
corrected. 

Isolation from Urine of A-5 ,?7 ,9-Estratrienol-3(8)-One-17 (I) As 
Acetate and Benzoate—124 gm. of hydroxy ketonic oil, separated 
as previously described (2) from the non-phenolic extract of 
equine pregnancy urine (approximately 10,000 gallons),* were 
fractionated in vacuo (about 0.1 mm.) at the following oven tem- 
peratures, up to 115° (63.1 gm.), from 115-140° (14.6 gm.), from 
140-170° (9.6 gm.), and from 170-210° (18.5 gm.). To the dis- 
tillate collected from 170-210°, in ethanol (150 ml.), were added 
3 liters of a hot ethanolic solution of digitonin (1 per cent). The 
insoluble digitonides® precipitated after 24 hours in the refrigerator 
were removed and washed with cold ethanol. The volume of the 
combined filtrate and washings was reduced to 100 ml., when ether 
(1 liter) was added, and the precipitated digitonin filtered off and 
washed with ether. On evaporation of the solvents, 11.5 gm. of 


‘ We are indebted to E. R. Squibb and Sons for non-phenolic extract of 
equine pregnancy urine, and to Professor G. F. Marrian and Dr. A. D. 
Odell for the isolated ketonic fraction of a large batch of this material. 

5 Decomposition of the insoluble digitonides yielded a gum from which 
further quantities of the previously described androstanol-3(8)-one (2) 


were obtained. 
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digitonin-non-precipitable oil remained. This was taken up in 
50 ml. of ethanol and refluxed for 2 hours with 20 gm. of semi- 
earbazide hydrochloride and 20.7 gm. of sodium acetate in 10 ml. 
of water. After 24 hours in the cold, the first crop of semicar- 
bazones (A) was collected, washed with chilled ethanol and boiling 
water, and dried (593 mg., decomposing at 220-225°). The fil- 
trate and ethanolic washings yielded a second crop (Semicar- 
bazones B) on concentration (2 gm., decomposing at 200-213°). 
Both Semicarbazones A and B were amorphous materials; trials 
showed that repeated recrystallization from ethanol was ineffective 
as a means of purification. Evaporation of the mother liquors 
from Semicarbazones B gave a gum (11.7 gm.; Semicarbazones C) 
from which no solid could be separated. 

Semicarbazones A (593 mg.) were hydrolyzed by refluxing for 
75 minutes in 15 ml. of ethanol containing 7.5 ml. of 5 N sulfuric 
acid. The solution was diluted with 10 volumes of water and 
extracted three times with ether. After the combined ethers 
were washed with n sodium hydroxide solution and water, the 
solvent was distilled to give 443 mg. of an orange oil which failed 
to crystallize. It was therefore acetylated in pyridine (2 ml.) 
with 2 ml. of acetic anhydride (4 days at room temperature). The 
oil precipitated on addition of water was shaken out three times 
with ether, and the ethereal extracts were washed free of pyridine 
with 2 n hydrochloric acid, washed with n alkali and water, and 
taken to dryness. The residue, a bright orange oil, gave colorless 
crystals on distillation (150-160° and approximately 0.01 mm.). 
After two sublimations and three recrystallizations from aqueous 
ethanol and aqueous acetone, the melting point of the acetate of 
(I) was constant at 158° (30 mg. of rectangular plates). 


Analysis—C,sH;,O(OCOCH;). Calculated. C 76.88, H 7.75 
Found. ** 76.98, * 7.37 


91.4 mg. of less pure acetate (m.p. 140-157°) were recovered from 
the mother liquors of the above crystallizations. 
Semicarbazones B (2 gm.) were hydrolyzed in the same manner. 
In this instance the oily product (1.672 gm.), in pyridine (20 ml.), 
was treated with benzoyl chloride (5 ml.) for 24 hours at room 
temperature, and then worked up as described for the acetate. 
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A semicrystalline mass was obtained, which, after three recrystal- 
lizations from benzene-ligroin, yielded 404 mg. of crude benzoate 
in the form of rosettes of stout needles, sparingly soluble in 
ethanol (m.p. 185-193°). 

An additional quantity of the benzoate was obtained from Semi- 
carbazones C by chromatographic adsorption. The gum (11.7 
gm.) was hydrolyzed to the free hydroxy ketones (6.712 gm.) 
which, on benzoylation, gave a non-crystallizable oil. The latter 
was dissolved in benzene (6 ml.), brought almost to the point of 
precipitation by addition of ligroin (54 ml.), and put through a 
column (90 X 2.2 em.) of aluminium oxide (Merck, standardized 


TABLE I 


Chromatographic Separation of Benzoate of A-5 ,7 ,9-Estratrienol-3(8)-One-17 











, Eluate 
. ~ Eluent (bengzene-ligroin mixtures) | 
| Yield | Character 
gm. | 
1 100% ligroin 0 | 
2 10% benzene 0.425 Oil 
3 10% “ 1.282 “ 
4 10%  “ 1.755 | “ 
5 0% | 0.463 | ss 
6 0% * | 0.826 | «“ 
7 | = * | 0.453 | ** and crystals 
8 20% ‘é 0.254 ‘c ‘sé ‘ 
9 30%  “ | o.a7 | « 
10-12 | 30%  “ °) i, 





according to Brockmann; 300 gm.) which had been previously 
saturated with ligroin. Elutions were made with successive 300 
ml. portions of benzene-ligroin mixtures, as indicated in Table I. 
Recrystallization of Fractions 7 and 8 from benzene-ligroin yielded 
respectively 113 and 20 mg. of benzoate, m.p. 196-198°, after 
preliminary softening at 190°. 

A-5 ,? ,9-Estratrienol-3(8)-One-17 (I)—The crude benzoate (537 
mg.) was saponified by refluxing in 21 ml. of ethanolic potassium 
hydroxide solution (4 per cent) for 45 minutes, during which time 
a marked red coloration developed in the solution. The product 
was precipitated with water and extracted with ether. On 
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evaporation of the washed ethereal extracts, a red oil was obtained 
which was distilled at 160-165° and 0.01 mm.; the condensate 
consisted of colorless crystals, a highly pigmented residue re- 
maining undistilled. The former was recrystallized from ben- 
zene-ligroin and again from aqueous ethanol to give a mixture of 
needles and monoclinic prisms (m.p. 133-134°; remelt unchanged). 
After another sublimation, four recrystallizations from aqueous 
ethanol failed to sharpen the melting point, but on each occasion 
it was raised approximately 1°. The final ethanolic solution, 
seeded with a crystal of the prismatic modification, gave up 45 
mg. (analytical sample) of A-5,7 ,9-estratrienol-3(8)-one-17 en- 
tirely in this form (Fig. 1). An additional 87.5 mg. (m.p. 136—137°) 
were recovered from the mother liquors. 

The crude acetate (91.4 mg.), saponified and worked up in the 
same way, yielded, after one sublimation and two recrystalliza- 
tions, 30 mg. of prismatic crystals identical (mixed melting point) 
with those from the benzoate. 


Analysis—CigH:O;2. Calculated. C 79.95, H 8.20 
Found. ** 80.08, ** 8.29 
la]5 = +59° + 3° (1.185% in ethanol) 


The ultraviolet absorption spectrum’ (Curve A, Fig. 2) exhibits 
maxima at 269.5 and 278 my, with e = 345 and 240 respectively, 
and minima at 249 and 276 my, with e = 95 and 232. 

4-5 ,7 ,9-Estratrienol-3(8)-one-17 is not precipitated with digi- 
tonin. It melts to a colorless oil, which, on being heated to 
approximately 240°, develops a bright red color, similar to but 
less intense than “equilenin red’ (18). The Liebermann-Bur- 
chard and Salkowski reactions were strongly positive, the latter 
being reversed (like ergosterol); the Rosenheim test was negative. 
With tetranitromethane, a deep yellow coloration was produced, 
and with nitric acid in the cold, an orange-yellow color which was 
not altered on addition of ammonia. The red-violet color with 
the Zimmermann (9) ketone reagents developed at the same rate 
as with estrone and equilenin, but less rapidly than with preg- 
nanedione. 

Bromine titration was carried out by the Rosenmund-Kuhnhenn 


* Our thanks are due Professor J. H. L. Johnstone for facilities and co- 
operation in the determination of the ultraviolet absorption spectra. 
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method (23). 10.1 mg. of (I), in chloroform (2 ml.), with 5 ml. of 
the pyridine sulfate dibromide reagent, absorbed, after 10 minutes 
in the dark, 0.33 mg. of bromine (0.06 ethenoid linkage). 

The oxime, prepared by refluxing (2 hours) 20 mg. of (1) in 
ethanol (1.5 ml.) with hydroxylamine (30 mg.) and sodium acetate 
(40 mg.) in water (1 ml.), had, after three recrystallizations from 
aqueous ethanol, a melting point of 195-197° with decomposition 
(16 mg. of fine needles). 


Analysis—C,sH,0,.N. Calculated. C 75.74, H 8.13, N 4.91 
Found. "a6 6 ol” Ae 


A-5 ,? ,9-Estratrienediol-3(8) ,17(a) (II1)—To 15 mg. of pre- 
viously reduced platinum oxide catalyst (Adams), suspended in 
ethanol (1 ml.), were added 29.35 mg. of (I) in 3 ml. of the same 
solvent. The mixture was shaken in an atmosphere of hydrogen 
at room temperature and pressure until uptake of hydrogen ceased 
(80 minutes) ; 2.61 ml. (0.99 mole) were used. The platinum was 
removed, and the residue from the filtrate and washings sublimed 
at 150-160° and 0.01 mm. Plates collected in the proximal por- 
tion of the side arm of the distillation flask; these (8.3 mg.) had 
a melting point of 168-168.5° and were removed for analysis. 
The remainder of the distillate, a mixture of crystals and oil, 
gave, on crystallization from ethyl acetate, 15 mg. of slightly less 
pure material (m.p. 164—166°) ; mixed with A-5 ,7 , 9-estratrienediol- 
3(8),17(a) (m.p. 162—164°), prepared from equilenin’ by hydro- 
genation in acid ethanol (method of Ruzicka, Miiller, and Mérgeli 
(8)), the melting point was 163-165°. 


Analysis—CisH2,O;. Calculated. C 79.35, H 8.88 
Found. ** 79.43, ** 8.80 
la] > (specimen of m.p. 164-166°) = —5° + 4° (0.945% in ethanol) 


The diol is not precipitated with digitonin. When its melt 
is heated to 240°, no red color develops as with (I); the behavior 


? Kindly furnished by Parke, Davis and Company, through the courtesy 
of Dr. Oliver Kamm. 

* Hirschmann and Wintersteiner (21) have pointed out that the trans 
(a) configuration of the C;;—OH relative to the C;; methyl group is a “‘nec- 
essary but not sufficient condition for the formation of insoluble digitonides 
of this type;’’ precipitable are a-estradiol (21) and androstanol-17(a) (un- 
published observation of the authors), but not 17(a)-dihydroequilenin (24), 
trans-testosterone (25), or A-5,7,9-estratrienol-17(a@) (authors’ observa- 
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in this respect is similar to that of 17-dihydroequilenin, which, in 
contrast to equilenin, does not turn red on prolonged heating 
(Hirschmann and Wintersteiner (21)). 

The diacetate was prepared by treating (II) (11.6 mg.), in pyridine 
(8 drops), with acetic anhydride (10 drops) for 24 hours at room 
temperature. The ethereal extracts of the diluted solution were 
washed with 2 n hydrochloric acid, n alkali, and water, and taken 
todryness. Sublimation of the residue at 110-115° and 0.01 mm.., 
and two recrystallizations of the sublimate from aqueous ethanol, 
gave 6 mg. of platelets melting sharply at 115°, both alone and 
on admixture with an authentic specimen® of the diacetate of 
4-5 ,7 ,9-estratrienediol-3(8) ,17(a) (m.p. 115-116°). 


Analysis —C,;sH22,(OCOCHS):. Calculated. C 74.12, H 7.92 
Found. ** 74.16, “* 7.85 


4-3 5,7 ,9-Estratetraenone-17 (IV)—An intimate mixture of (1) 
(30.3 mg.) and freshly fused potassium hydrogen sulfate (80 mg.), 
in a Pyrex U-tube from which air was expelled by passage of a 
steady stream of pure nitrogen, was heated at 150-155° for 1 hour. 
The mass was then broken up in water, and the suspension ex- 
tracted several times with ether. Distillation of the residue from 
the washed ethereal extracts at 130-140° and 0.01 mm. yielded a 
small quantity of colorless oil; a considerable portion, presumably 
consisting of polymeric products (vide Haslewood and Roe (4)), 
remained undistilled below 200°. Crystallization of the distillate 
from aqueous ethanol gave 3.5 mg. of slender white needles, m.p. 
96-100°, which exhibited the absorption spectrum illustrated in 
Fig. 2 (Curve C). Three additional recrystallizations from the 
same solvent raised the melting point to 114-116°. 


SUMMARY 


From the urine of pregnant mares there has been isolated a 
new hydroxy ketone, C;sH22O2, m.p. 138-139.5°, [a], +59°, which 





tion). Apparently a similar irregularity obtains with 3(8)-hydroxy ster- 
oids in the absence of the Cjomethyl group. Neither the urinary hydroxy 
ketone (I) nor the diol (II) is precipitated, although, judging from the 
physical evidence (see the introduction), the C;—OH is 8-oriented in each, 
whereas neoergosterol (26) and one of the hexahydrodesoxoestrones (27) 
form insoluble digitonides. 

* Provided by Professor L. Ruzicka, to whom our thanks are expressed. 
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forms an acetate, m.p. 158°, a benzoate, m.p. 196—198°, and an 
oxime, m.p. 195-197°. Reduction of the carbonyl group yielded 
A-5 ,7 ,9-estratrienediol-3 ,17(a), identical with the lower melting 
C; epimer obtained on saturation of Ring A of 17(a)-dihydro- 
equilenin. The position of the hydroxyl group on C; was revealed 
by dehydration which introduced an ethylenic linkage in con- 
jugation to the bonds of the aromatic Ring B. The compound is 
therefore 4-5 ,7 ,9-estratrienol-3-one-17, a neutral isomer of estrone 
in which Ring B instead of Ring A is benzenoid. Evidence sup- 
porting the 8 orientation of the C;—OH is set forth. It is sug- 
gested that the urinary steroid is derived in the body from 


equilenin. 


The authors are grateful to the Banting Research Foundation 
and Charles E. Frosst and Company for support of the investi- 
gation. 
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THE EFFECT OF A NICOTINIC ACID DEFICIENCY UPON 
THE COENZYME I CONTENT OF THE HUMAN 
ERYTHROCYTE AND MUSCLE* 


By A. E. AXELROD, TOM D. SPIES, ano C. A. ELVEHJEM 


(From the Department of Biochemistry, College of Agriculture, University of 
Wisconsin, Madison, and the Department of Internal Medicine, 
University of Cincinnati, Cincinnati) 
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The effect of a nicotinic acid deficiency upon the amount of 
coenzyme-like substances (designated as factor V in the micro- 
biological methods) in various tissues of the dog has been studied 
by a number of workers. Kohn, Klein, and Dann (1) found de- 
creases in the factor V concentrations in the liver and striated 
muscle of the dog. These results with the dog were confirmed by 
Pittman and Fraser (2) who, in addition, reported a decrease in the 
factor V content of the cardiac muscle of this species. Both of 
these groups of workers used Haemophilus parainfluenzae to meas- 
ure factor V. Axelrod et al. (3), using a yeast fermentation 
method, found decreases in the coenzyme I content of liver and 
striated muscle of dogs and pigs suffering from a nicotinic acid 
deficiency. 

Studies in man have confirmed the existence of a relationship 
between nicotinic acid and the pyridine nucleotides. Kohn (4) 
and Vilter, Vilter, and Spies (5) have observed an increase in the 
factor V content of blood after the administration of nicotinic acid, 
and Kohn and Klein (6) and Vilter, Vilter, and Spies (7) have 
shown that incubation of defibrinated blood with nicotinic acid 
results in an increase in the factor V content. In addition Axel- 


* Published with the approval of the Director of the Wisconsin Agri- 
cultural Experiment Station. 

University of Cincinnati Studies in Nutrition at the Hillman Hospital, 
Birmingham, Alabama. 
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667 








Perens nm — “ “ 
a ee ee 





‘ » z <4 
ELT OL Ae NTR RIS! 


668 Coenzyme I in Human Tissues 


rod, Gordon, and Elvehjem (8) have demonstrated that the inges- 
tion of large amounts of nicotinic acid is followed by an increase 
in the coenzyme I content of erythrocytes. 

Vilter et al. (5, 9), using Bacillus influenzae in a microbiological 
method, reported decreases in the amount of factor V in the whole 
blood of pellagrins. On the other hand Kohn and Bernheim (10), 
using Haemophilus parainfluenzae, did not find any significant 
decreases in the factor V of the erythrocytes from the blood of 
pellagrins. The present report is concerned with a study of the 
erythrocyte and muscle coenzyme I values in a series of normal 
and pellagrous subjects and with the alterations in coenzyme | 
values induced by the administration of nicotinic acid, pyrazine- 
monocarboxylic acid, and coramine. In addition, the abilities of 
nicotinic acid amide, coramine, quinolinic acid, and pyrazinemono- 
carboxylic acid to effect an in vitro synthesis of coenzyme I in 
defibrinated blood from normal subjects were investigated. A 
yeast fermentation method specific for the determination of coen- 
zyme I was employed throughout (11). 


Material and Methods 


The clinical material was obtained from a large series of pella- 
grins who were admitted to the Nutrition Clinic, Hillman Hospital, 
Birmingham, Alabama. The patients were classified arbitrarily 
according to the severity of their pellagrous condition in the fol- 
lowing manner: +, mental or physical poor health without the 
classical lesions of pellagra; ++, mild classical lesions of pellagra; 
+++, moderately severe lesions of pellagra; ++-+-+, severe 
lesions of pellagra. In all cases, the determination of the coen- 
zyme I content of erythrocytes and muscle was made before the 
initiation of any therapy. The normal control subjects for the 
blood studies were chosen from members of the hospital and lab- 
oratory staffs. Patients in the Hillman Hospital who were under- 
going a herniorrhaphy were used as normal controls for the muscle 
studies. Eight pellagrins were selected for a study of the effect 
of the administration of nicotinic acid, pyrazinemonocarboxylie 
acid, and coramine upon the coenzyme I content of erythrocytes 
and muscle. In this group, coenzyme I determinations were made 
before and after the administration of the various antipellagric 
compounds as indicated in Table III. 
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The methods used for the coenzyme I determinations of both 
erythrocytes and muscle are fully described in a previous publica- 
tion (12).! Blood was obtained by venipuncture and potassium 
oxalate was used as the anticoagulant. Hematocrit values were 
determined for all blood samples. A section of the quadriceps 
femoris muscle (approximating 2 gm.) was obtained by biopsy 
and a small portion was used for a moisture determination. The 
remainder of the muscle was immediately frozen on a slab of 
carbon dioxide and the extract prepared as previously described 
(12). The tissue extracts were stored in the refrigerator and 
were always analyzed within 24 hours after their preparation. 
All biopsy material was obtained under local anesthesia instituted 
by infiltration with novocaine down to and including the deep 
fascia. By this procedure the muscle obtained for study was not 
altered by novocaine. Recovery experiments with pure coenzyme 
I were carried out on a series of muscle extracts in order todeter- 
mine whether the local anesthetic had any detrimental effect on 
the assay. The muscle extracts were found to contain nothing 
which inhibited or accelerated the yeast fermentation. The addi- 
tion of 0.1 ml. of a 2 per cent solution of novocaine had no effect 
upon the recovery of coenzyme I. 

The in vitro? experiments which were designed to study the 
abilities of nicotinic acid amide, coramine, quinolinic acid, and 
pyrazinemonocarboxylic acid to effect the synthesis of coenzyme I 
in defibrinated blood were carried out in the following manner. 
The compounds were prepared in isotonic saline at a concentration 
of 500 y per ml. Each solution was brought to pH 7.4 and was 
sterilized by filtration through a Berkefeld filter. 1 ml. of each 
solution was used per ml. of whole blood. A control tube contain- 
ing isotonic saline was employed in each set of experiments. Fresh, 
defibrinated blood from normal subjects was incubated at 37° 
under sterile conditions with each of the above compounds. After 
an incubation period of 24 hours, the coenzyme I contents of the 
erythrocytes were determined in the usual manner. The effect 
of each compound was studied with three different samples of 


blood. 


1In the present study the erythrocytes were not washed with isotonic 
saline before the preparation of the extracts. 
* We are indebted to Dr. R. W. Vilter for assistance in these studies. 
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Observations 


Blood Studies before Therapy—Table I shows a range in the coen- 
zyme I content of erythrocytes from 40 to 110 y per ml. The 
normal subjects averaged 85 and the pellagrins of classification 
+ and ++ averaged 77 and 69 y of coenzyme I per ml. of erythro- 
cytes respectively. These figures indicate no significant difference 

: between average values for the different groups. The distribution 
of values given in Table I indicates that a moderate tendency 
} toward lower values may be correlated with an increasing severity 
of the deficiency. Thus, the erythrocyte coenzyme I values of 22 


TaB_e I 


Distribution of Coenzyme I Values of Erythrocytes from Normal and 
Pellagrous Subjects 
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per cent of the normal subjects, 32 per cent of the + group, and 
47 per cent of the ++ group fell below 70 y per ml. It is obvious 
that the determination of the coenzyme I content of erythrocytes, 
by means of the yeast fermentation method, would be of little 
value as a diagnostic test for pellagra. 

Although practically all of the coenzyme I in blood is confined 
to the erythrocytes, it is questionable whether the expression of 
the coenzyme I per ml. of packed cells is a more valid unit of 
concentration than that based upon the coenzyme I content per 
ml. of whole blood. Vilter and coworkers (9) have discussed the 
various aspects of this problem, and their views are consistent with 
the work of Melnick, Robinson, and Field (13), who have reported 
that the concentration of nicotinic acid in the corpuscles may vary 
with the hematocrit values. 
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When we calculated our results on the basis of the coenzyme I 
content per ml. of whole blood, we found that the resulting values 
paralleled those obtained when the coenzyme I values were ex- 
pressed per ml. of erythrocytes. Thus, the average value for the 
normal group was 34 vy of coenzyme I per ml. of whole blood, that 
of the + group was 30 y per ml., and the average value for the 
more severe pellagrins was 26 y of coenzyme I per ml. of whole 


Tasie II 
Effect of Varying Degrees of Nicotinic Acid Deficiency upon Coenzyme I 
Content of Human Muscle 
The values are expressed as micrograms of coenzyme I per gm. of fresh 
muscle. 
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Average... . .382 | 317 258 242 
Standard 
deviation... .22 | 44 31 











blood. The differences between these average values are not 
significant. 

Muscle Studies before Therapy—Table II shows a range in the 
coenzyme I content of muscle from 78 to 424 y per gm. of fresh 
muscle. The normal subjects averaged 382 7 per gm., while the 
average values for the +, ++, and +++ groups were 317, 258, 
and 242 y of coenzyme I per gm. of fresh muscle respectively. It 
is noticeable that the coenzyme I content of muscle decreased 
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as the deficiency became more severe. The variations from the 
normal values first became significant in the ++ group. No 


Taste III 


Changes in Coenzyme I Content of Human Erythrocytes and Muscle Following 
Administration of Nicotinic Acid and Other Antipellagric Compounds 
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I} ++ | Coramine* | 3 77 78 | 229 | 222 

II |++++!] Nicotinic acidt | 5 | 78 | 136 | 267 | 262 

III | +++ | Quinine nicotinatet | 2 | 69 | 111 | 250 | 232 

Nicotinic acid 7 111 196 | 232 | 326 

IV ++ ” oy 6 76 185 | 200 | 304 

V |+4++4) Pyrazinemonocarbox- 3 82 90 78 | 138 

ylie acid§ 

Nicotinic acid 3 90 | 124 | 138 | 187 

a 7 5 124 185 | 187 | 223 

VI | +++ | Pyrazinemonocarbox- 3 82 | 119 | 296 | 202 
ylic acid 

Nicotinic acid 2 119 | 158 | 202 | 278 

VII | +++ 2 7 85 | 182 | 183 | 314 

VIII) ++ Pyrazinemonocarbox- 4 85 88 | 293 | 248 
| |  ylie acid 

| Nicotinic acid 8 | 88 | 190 | 248 | 328 





| 


* A daily dose of 24 ml. of a 25 per cent solution was administered orally. 

+ 1 gm. of nicotinic acid (orally) and 50 mg. of nicotinic acid (intra- 
venously) were given daily. 

t Quinine nicotinate equivalent to 450 mg. of nicotinic acid was given 
daily by mouth. 

§ Pyrazinemonocarboxylic acid was given in the same dosage and by 
the same methods of administration as was nicotinic acid. 





significant variations were found in the moisture content of muscle 
from the various groups. 

Effect of Administration of Various Antipellagric Compounds 
upon Coenzyme I Content of Blood and Muscle—The results of the 
studies on the relationship of nicotinic acid, pyrazinemonocar- 
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boxylic acid, and coramine therapy to the coenzyme I content of 
erythrocytes and muscle are given in Table III. It is evident 
that the administration of nicotinic acid caused a marked increase 
in the coenzyme I content of both erythrocytes and muscle. The 
one patient (Case II) whose muscle coenzyme I content was not 
affected by nicotinic acid therapy was suffering from an infected 
biopsy wound and had a temperature of 38.8° during the period 
of nicotinic acid administration. However, the coenzyme I con- 
tent of the erythrocytes of this patient was increased. In only one 
patient was the administration of pyrazinemonocarboxylic acid 
followed by an increase in the coenzyme I content of the erythro- 
cytes and a similar increase in muscle was noted in only one case. 
No increase in the coenzyme I content of either erythrocytes or 
muscle was observed following coramine therapy. 

In Vitro Studies—The in vitro studies with defibrinated blood 
demonstrated that the synthesis of coenzyme I could be accom- 
plished only in the presence of nicotinic acid amide, when an 
increase of 60 per cent in the coenzyme I content was observed. 
Incubation of defibrinated blood with pyrazinemonocarboxylic 
acid, quinolinic acid, and coramine did not result in the synthesis 
of coenzyme I. 


DISCUSSION 


The results of the studies in man reported in this paper have 
confirmed previous observations made with the dog and pig (38). 
It is now evident that a nicotinic acid deficiency in these three 
species has but slight effect upon the coenzyme I content of the 
erythrocytes but that it causes a marked decrease in the coenzyme 
I content of striated muscle. In addition, decreases in the coen- 
zyme I content of the livers of dogs and pigs have been observed 
(3). A yeast fermentation method which is specific for coenzyme 
I was used in these experiments, and it should be emphasized that 
the results obtained have no bearing upon the coenzyme II con- 
tent of the tissues. On the other hand, factor V which is deter- 
mined by microbiological methods involving the use of either 
Haemophilus parainfluenzae or Bacillus influenzae is a measure of 
both coenzyme I and coenzyme II and, possibly, other related 
substances. Other workers, using the microbiological methods, 
have found decreases in the factor V concentrations of liver, 
striated muscle, and cardiac muscle of dogs suffering from a nico- 
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tinic acid deficiency (1, 2). No decreases in the factor V content 
of dog erythrocytes were observed. Thus, in the dog, both the 
factor V and coenzyme I contents of erythrocytes, liver, and muscle 
seem to be affected in the same manner by a nicotinic acid 
deficiency. 

In man the situation is complicated by the fact that somewhat 
different results are obtained when Haemophilus parainfluenzae 
and Bacillus influenzae are used to measure factor V. With re- 
gard to the coenzyme changes in the blood of pellagrins our results 
with the yeast fermentation method are in better agreement with 
those obtained by Kohn and Bernheim (10) using Haemophilus 
parainfluenzae than with the results of Vilter ef al. (5) who em- 
ployed Bacillus influenzae. Ina later paper Vilter and coworkers 
(9), studying a group of pellagrins similar to that of the present 
study, have reported values for the factor V content of erythro- 
cytes which are in closer agreement with the coenzyme I values 
given in the present paper. 

The precise physiological significance of the lowering in the 
coenzyme I content of muscle cannot be evaluated until more is 
known about the quantitative relationship between the coenzyme 
I content of human muscle and the ability of the muscle to carry 
out its normal oxidative functions. A decrease in the factor V 
level of dog muscle is accompanied by changes in the oxidative 
metabolism of the muscle (1) and we may expect to find a similar 
relationship in the case of human muscle. 

The ineffectiveness of pyrazinemonocarboxylic acid and quino- 
linic acid in the prevention or cure of blacktongue in the dog has 
been demonstrated by Dann et al. (14) and Waisman and asso- 
ciates (15). Using Haemophilus parainfluenzae, Dann et al. (14) 
found that neither of the above compounds could effect an in vivo 
or an in vitro synthesis of factor V in human blood. Bills and 
coworkers (16) and Vilter and Spies (17) have shown that both 
pyrazinemonocarboxylic acid and quinolinic acid are effective in 
the cure of pellagra and in contrast to Dann et al. (14) have found, 
with Bacillus influenzae, that the administration of these com- 
pounds caused an increase in the factor V content of human blood. 
Smith, Ruffin, and Smith (18) have reported that coramine is 
approximately one-fourteenth as effective as nicotinic acid in the 
cure of experimental blacktongue and one-seventh as effective as 
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nicotinic acid in the cure of pellagra. Our results indicate that 
the antipellagric value of a compound is not necessarily asscciated 
with its ability to affect the coenzyme I content of tissues. Thus 
nicotinic acid has a marked effect upon the coenzyme I content of 
human blood both in vivo and in vitro. In this respect our findings 
parallel those obtained by other workers who have studied the 
relationship of nicotinic acid to the factor V content of human 
blood with microbiological methods (4-7). The increase in the 
coenzyme I content of human muscle following nicotinie acid 
therapy lends further support to the hypothesis that the anti- 
pellagric value of a compound depends upon its ability to influence 
the coenzyme content of tissues. On the other hand, our results 
with pyrazinemonocarboxylic acid and coramine do not support 
such a conclusion. Treatment with these compounds resulted 
in a definite clinical improvement in the pellagrins which was not 
accompanied by consistent changes in the coenzyme I content 
of erythrocytes or muscle. 


SUMMARY 


1. The coenzyme I content of erythrocytes does not decrease 
significantly in varying stages of pellagra. In forty-five control 
subjects the average value was 85 y of coenzyme I per ml. of eryth- 
rocytes; in thirty-one subclinical pellagrins the average value was 
77 y per ml., while in seventeen mild pellagrins the average value 
was 69 y of coenzyme I per ml. of erythrocytes. Values ranging 
between 70 and 90 y of coenzyme I per ml. of erythrocytes were 
found in five severe pellagrins, three of whom were ambulatory. 

2. The coenzyme I content of striated muscle was determined 
in a series of normal subjects and patients with varying degrees 
of pellagra. In nine normal subjects, the average value was 382 y 
per gm. of fresh muscle, in eleven subclinical pellagrins the average 
value was 317 y per gm., and in fourteen mild pellagrins the aver- 
age value was 258 y per gm. of fresh muscle. The average coen- 
zyme I content of the muscles from five severe pellagrins was 214 y 
pergm. In general, the coenzyme I content of muscle decreases 
as the deficiency becomes more severe. 

3. The administration of nicotinic acid to pellagrins led to 
marked increases in the coenzyme I content of human erythrocytes 
and muscle. Coramine therapy, studied in one patient, had no 
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effect upon the coenzyme I content of either muscle or erythro- 
cytes. Pyrazinemonocarboxylic acid when administered to three 
patients caused an increase in the coenzyme I content of the eryth- 
rocytes of one patient and an increase in the muscle coenzyme I 
content of another. All three of these compounds, however, 
caused a definite improvement in the clinical condition of the 
pellagrins. 

4. Of the four compounds tested (pyrazinemonocarboxylic acid, 
quinolinic acid, coramine, and nicotinic acid amide) only nicotinic 
acid amide effected an in vitro synthesis of coenzyme I in defibrin- 
ated blood. 
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On the basis of the observed optical activity of amino acids 
isolated from hydrolysates, Kégl and Erxleben (1-4) claimed, in 
1939, that the proteins of malignant tissues differ from those of 
normal tissues in that several of the constituent amino acids, 
especially glutamic, exist in a partially racemized state, while 
only the “‘natural’’ or 1 forms occur in normal tissues. Because 
of the importance of this claim many investigators attempted to 
repeat the experimental findings of these authors, especially with 
respect to glutamic acid. Although some samples of this acid 
showing a considerable degree of racemization (5-9) were ob- 
tained from malignant tissues, the majority of the sar “les isolated 
showed very little or no racemization (8-15). 

Recently Chibnall and coworkers (13) produced evidence which 
offered an explanation for these anomalous results. Kégl assumed 
that the glutamic acid remaining in the hydrolysate was equally 
or even ‘more highly racemized than the isolated portion of the 
total acid. This assumption was based on the observation (2) 
that racemic glutamic acid hydrochloride was more soluble in 
hydrochloric acid than the | form. Chibnall showed that this 
solubility relationship was not necessarily the same in protein 
hydrolysates and that it was possible, at least under the condi- 
tions of the cuprous oxide procedure used by Kégl, to precipitate 
preferentially a small fraction of the total glutamic acid which 
contained all or most of the racemic form. The degree of racemi- 
zation of an isolated sample could have been dependent, therefore, 
on the yield. 

In order to have a more representative value for comparison 
of different tissues Chibnall calculated in terms of total weight of 
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dry tissue the percentage of d(—) acid obtained. On this basis 
the d(—)-glutamic acid values for a number of normal as well as 
malignant tissues, regardless of the analytical procedure, cor- 
responded to about 0.2 per cent of the total protein. When the 
data of Kégl were calculated in this way, six out of nine malignant 
tissues were shown to have yielded similar small amounts of d(—)- 
glutamic acid. Kégl’s claim that the glutamic acid of tumors is 
highly racemized appears, therefore, to be based largely on an 
incorrect interpretation of data. Additional evidence that both 
normal and malignant tissues yield amounts of the d(—) acid to 
the extent of only a few tenths of 1 per cent was presented by 
Johnson (14) who also used an isolation procedure. Similar 
results were obtained by Graff et al. (15) and by Behrens et al. 
(16) using isotopic methods of estimation which are claimed to 
account quantitatively for the glutamic acid present. Since it 
had been shown by Johnson and by Behrens that /(+)-glutamic 
acid became racemized during prolonged boiling in hydrochloric 
acid to an extent which could account for the presence of these 
small amounts of the d(—) form, it was suggested by them that 
the d(—) form may not have been present in the original tissue, 
but rather had been formed by racemization during hydrolysis. 

Soon after publication of Kégl’s original report, an investigation 
of the stereochemical nature of glutamic acid in malignant tissue 
proteins was begun in this laboratory. Following as closely as 
possible either the Dakin or the cuprous oxide procedure as used 
by Kégl, we have isolated glutamic acid hydrochloride from six 
tumors, all but one of which were shown by pathological examina- 
tion to be malignant. In one case separate isolations by each 
method were made from the more necrotic and less necrotic por- 
tions, since Dittmar (8) indicated that greater amounts of the 
d(—) form might be present in the necrotic areas. In another 
case, the hydrochloride was isolated from the soluble and the 
insoluble protein fractions by the cuprous oxide procedure. In 
the remaining cases material representative of the whole tumor 
was used. 

After much of our isolation work had been done, it became de- 
sirable to find a method for direct estimation of glutamic acid in 
protein hydrolysates, so that the efficiency of the isolation pro- 
cedures might be ascertained. Control experiments showed that 
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the method of Cohen (17), which involves conversion of glutamic 
to succinic acid and enzymatic determination of the latter by 
succinoxidase, could be adapted to such solutions. In this way 
the glutamic acid was determined in the tumor hydrolysates either 
before or after application of the isolation procedures. 

The results obtained from the isolation of glutamic acid from the 
various tissues are summarized in Table I. In five cases (Nos. 
2, 5-b, 5-d, 6-a, 6-b) the amounts of purified hydrochloride were 
represented, as in Kégl’s work, by a single sample. In the re- 
maining experiments additional fractions were recovered from 
the mother liquors obtained during the purification and, in two 
instances (Cases 5-a, 5-c), a third fraction from the propyl alcohol 
extract used in the course of the Dakin procedure. The purity 
of all fractions was established by C, H, N, and ash analyses. 
Difficulty in obtaining ash-free samples was encountered in cer- 
tain experiments. In these cases, however, the ash content was 
below that which is detectable by nitrogen analysis, a criterion for 
purity used by the majority of workers in this field, and below 
that which would affect the specific rotation by an amount greater 
than the error involved in the determination of the latter. Where 
the ash content did exceed 1 per cent, correction of analytical and 
optical rotation data has been made. 

As can be seen from Column 10 (Table I), we have been unable 
to confirm! the findings of Kégl that a significant percentage 
(6 to 45 per cent) of the glutamic acid isolated from malignant 
tissue is the d(—) form. In no case did the specific optical rota- 
tion of any fraction of the purified glutamic acid hydrochloride, 
isolated from malignant as well as non-malignant tissue, indicate 
a d(—) content greater than 4.4 per cent; the average d(—) con- 
tent of the total hydrochloride isolated from any one tissue was 
not over 2.5 per cent, a value which, as indicated by Kégl, is of 
questionable significance. When the d(—) content is based on 
the weight of dry tissue used, it varies, as may be seen in Column 


‘A preliminary report from this laboratory (18) indicated that we had 
confirmed the findings of Kégl and Erxleben. The report was based on the 
observed low rotation of a sample of glutamic acid isolated from malignant 
tissue. More detailed analysis of the product involved showed that the 
low rotation was due largely to the presence of impurities rather than to 
d(—)-glutamic acid. 
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11, from 0 to 0.14 per cent, which is of the same order of magnitude 
as that found by Chibnall and by others (14-16) for either malig- 
nant or normal tissue. There was no significant difference be- 
tween the values found by us for the necrotic and non-necrotic 
parts of the tissue, nor for the soluble and insoluble protein; like- 
wise, there was no significant difference between the results ob- 
tained by the cuprous oxide and the Dakin procedures. 

The yield of purified acid, based on the weight of dry tissue, 
varied from 3.7 to 6.5 per cent (Column 13). That these values 
represent only a fair recovery is evident from a consideration of 
the results obtained by application of the Cohen procedure 
(Columns 14 and 15). Thus, the glutamic acid content of the 
tissues in Cases 1 to 5-b ranges between 6.0 and 7.8 per cent, so 
that the isolated sample represents 49 to 70 per cent of the acid 
present. These contents, however, are undoubtedly low, since 
they were obtained from the sum of the amounts isolated and the 
amounts present in the hydrolysates and mother liquors as esti- 
mated by the Cohen analysis. Any acid that might have been 
lost during isolation is therefore neglected. For the same reason 
the recoveries are correspondingly high. In Cases 5-c to 6-b, 
however, Cohen determinations were performed on aliquot samples 
of the tumor hydrolysates before isolation of the acid. The 
glutamic acid content in these cases is 9.5 to 12.0 per cent, values 
which lie in the same range as those found by Chibnall (modified 
Foreman method) and by Graff (isotope dilution method). The 
corresponding recoveries amount to 47 to 59 per cent. 

If, as seems probable, the glutamic acid content of tumor tissues 
lies in the range of 8 to 12 per cent, the amounts isolated by 
Kégl in the majority of cases represented only a small proportion 
(less than 10 per cent) of the total acid present. Our results, on 
the other hand, indicate isolation of at least 47 per cent of the 
total acid. In spite of the fact that the optical rotation of the 
glutamic acid isolated in these higher yields would be expected 
to be more representative of that of the total acid than in the low 
yields of Kégl, our samples showed no appreciable racemization. 
Therefore, the evidence obtained by us does not support the 
claim that the glutamic acid of malignant tissue exists in a highly 
racemized state. 
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Adaptation of Cohen Procedure for Glutamic Acid (17) to Protein 
Hydrolysates 


After hydrolysis of the tissue and partial clarification with 
cuprous oxide or charcoal, an aliquot of hydrolysate corresponding 
to not over 60 mg. of dry tissue is made to 3 cc. volume with 
water. After addition of a drop of brom-cresol green as indicator, 
the solution is neutralized to a bluish green (pH about 4.7) with 
approximately 2 N NaOH. If more than 10 drops are required, 
it is better to use a fresh sample, the neutralization being started 
with saturated NaOH, in order to keep the volume as low as pos- 
sible. To this solution are added 1.5 cc. of 2 m citrate buffer, 
pH 4.7, and then 3 ce. of freshly dissolved 10 per cent chlor- 
amine-T. The mixture is placed in a bath at 40°, and shaken 
for 10 minutes. It is then cooled in ice, according to the Cohen 
procedure, and after 15 minutes filtered, being rinsed with a total 
of 4 cc. of cold water. With the volume now at about 11.5 cc., 
addition of 6.4 cc. of concentrated HCl brings the HCl concentra- 
tion to slightly over 12.5 per cent as required. The rest of the 
procedure follows as described by Cohen. 

Occasionally during the acid hydrolysis of the 6-cyanopropionic 
acid the solution turns brown. This is due apparently to the 
presence of proline in the original tissue hydrolysate. The deep 
color does not interfere during the subsequent adjustment of the 
pH in the presence of phenol red, since it becomes much lighter 
just before the end-point is reached. 

The extractors used in our work had a capacity of about 35 ce. 
Tests of their efficiency showed that the first extraction, in which 
p-toluenesulfonamide was removed, was complete within 2 hours; 
the second extraction, in which succinic acid was separated, 
was complete within 5 hours. 

The possible interference by various amino acids which might 
be present in tissue hydrolysates was investigated. Alanine, 
arginine, aspartic acid, cysteine, glycine, histidine, hydroxyproline, 
isoleucine, leucine, lysine, methionine, norleucine, phenylalanine, 
proline, serine, tyrosine, tryptophane, and valine carried through 
the procedure, both in the presence and absence of glutamic 
acid, gave no products which caused an oxygen uptake when 
heart was used as the source of succinoxidase. However, when 
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liver succinoxidase was used, serine was found to interfere (Dohan 
A product, probably glycolic acid, was formed which 
caused an oxygen uptake: Therefore, when the Cohen glutamic | 


(19)). 
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acid method is applied to tissue hydrolysates or any material 
which may contain serine, it is essential to use heart, as originally 
described, rather than liver succinoxidase. 

The results of recovery experiments in which glutamic acid was | 
added to an aliquot of tumor hydrolysate or to a mixture of 
amino acids (including serine) are reported in Table II. 
these data it may be seen that the recovery values are of the same 
order as those found by Cohen for glutamic acid in pure solution 
or in the presence of protein. 


Taste II 
Recovery of Glutamic Acid by Cohen Succinoxidase Method 


From 





iment Material to which added 





Tumor hydrolysate 


oe ‘eé 








~~ wn 


14 amino acids 
18 “oe se | 


Original 


Total 


| | 
Glutamic | 
a 








elutamic | Glatamis, | glutamic | LSD | Rawr. 

content | estimated | Teeovered 

mg. mg. mg. | mg. per cent 

6.45 7.35 | 13.82 | 7.37 | 100.3 

3.67 7.35 | 11.00 | 7.33 | 99.7 
10.47 | 9.98 | 9.98 | 95.3 
15.71 | 14.63 | 14.63 | 93.3 





Isolation of Glutamic Acid As Hydrochloride 


In all cases the procedures followed as closely as possible those 
The tissues were finely minced and extracted 
The insoluble protein, as well 


used by Kégl. 


with 0.6 per cent NaCl or water. 
as that precipitated by addition of 6 volumes of alcohol to the 





extract, was washed with 80 per cent alcohol, then with absolute 


alcohol, and dried at 80-90°. 


In one case, No. 6, the two frac- 


tions were analyzed separately but in all other cases they were 


combined. After hydrolysis with 3 parts of concentrated HCl 
for 7 hours, glutamic acid hydrochloride was isolated from the 
hydrolysates by the cuprous oxide or the Dakin procedure as 
Recrystallization from 20 per cent HCl was car- 
ried out and, in several experiments, considerable amounts of 
glutamic acid hydrochloride were recovered from the mother 


used by Kégl. 


liquors. 

















Woodward, Reinhart, and Dohan 685 


Case 1. Flexner-Jobling Rat Carcinoma—From 112 gm. of fresh 
tumors (3 weeks growth) 16 gm. of dry material were obtained. 
After the hydrolysate was treated by the Dakin butyl and propyl 
alcohol extraction procedure, three fractions of crude glutamic 
acid hydrochloride, totaling 1557 mg., were obtained. The first 
fraction, weighing 1072 mg., gave a specific rotation of [a], = 
+25.0°, but it was shown to contain considerable ash. The three 
fractions were worked up separately, recrystallizing from 20 per 
cent HCl, and gave finally the four pure products listed in Table 
I. Thus a total of 1001 mg. of pure glutamic acid hydrochloride 
was obtained. A Cohen glutamic acid analysis on the combined 
residues which consisted of the crude hydrolysate and recrystalli- 
zation mother liquors showed that 392 mg. of glutamic acid had 
not been isolated. 

Case 2. Jensen Rat Sarcoma—From 161 gm. of fresh tumors 
(3 to 4 weeks growth) 22 gm. of dry material were obtained. 
After the hydrolysate was extracted according to the Dakin 
procedure, 1764 mg. of crude glutamic acid hydrochloride were 
isolated. This sample was recrystallized twice by dissolving in 
dilute HCl and saturating with HCl gas at 0° to give 1118 mg. 
([a], = +29.0°, N 7.54 per cent, ash 2.9 per cent). A final re- 
crystallization from 20 per cent HCl gave 1043 mg. of a pure prod- 
uct, as indicated in Table I. No analyses for glutamic acid by 
the Cohen method were carried out. 

Case 3. Fibrocyst Adenoma of Breast (Non-Malignant, Human) 
—This tumor weighed 170 gm., from which 22 gm. of dry material 
were obtained. By means of the cuprous oxide procedure a single 
crop of crude glutamic acid hydrochloride (2200 mg.) was iso- 
lated. - The sample contained a considerable amount of inorganic 
material. After the sample was recrystallized twice from 20 
per cent HCl and the mother liquors worked up, a total of 1025 
mg. of pure material, as indicated in Table I, was obtained. 
Glutamic acid analyses by the Cohen method showed that 810 
mg. remained in the crude hydrolysate and only 49 mg. in the 
combined mother liquors obtained during the recrystallizations. 

Case 4. Squamous Cell Carcinoma of Lung (Human)—The 
tumor was a solid encapsulated mass weighing 173 gm. which 
gave 27 gm. of dry material. After the hydrolysate was submitted 
to the Dakin extraction procedure, two fractions of crude glutamic 
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acid hydrochloride were isolated, 2417 mg., [a], = +25.7°, and 
394 mg. The latter was too impure for a rotation measurement. 
On recrystallization from 20 per cent HCl, followed by working 
up the mother liquors, two pure fractions, totaling 1661 mg., as 
indicated in Table I, were obtained. Cohen glutamic acid anal- 
yses on the residues showed that 558 mg. of glutamic acid were 
left in the crude hydrolysate and 149 mg. in the combined mother 
liquors from the recrystallizations. 

Case 5. Paraganglioma of Adrenal Medulla (Human)—Since 
this was a very large tumor with considerable necrosis, it offered 
the opportunity of investigating separately the necrotic and 
non-necrotic material. That part which was highly necrotic, 
356 gm., gave 68 gm. of dry material; 35 gm. were obtained from 
265 gm. of the tissue which was but slightly necrotic. Each 
part was then worked up by both the cuprous oxide and Dakin 
procedures to give four analyses of this tumor, as follows: 

(a) Necrotic Section, Dakin Procedure—The hydrolysate from 
20 gm. of dry tissue yielded two fractions of crude glutamic acid 
hydrochloride. The first weighed 1128 mg., [a], = +25.9°; 
the second, 251 mg., was too impure for a rotation measurement. 
Recrystallization from 20 per cent HCl until a low ash content 
was obtained and working up the mother liquors gave the first 
two fractions listed in Table I. The third fraction was obtained 
by recrystallization of the crude hydrochloride obtained when the 
propy! alcohol extract was reduced under a vacuum and the resi- 
due saturated with HCl. Cohen analysis on the mother liquors 
and crude hydrolysate showed that they contained 29 mg. and 
325 mg. of the glutamic acid, respectively. 

(b) Necrotic Section, Cuprous Oxide Procedure—From 10 gm. 
of dry tissue two crops of crude glutamic acid hydrochloride 
totaling 2445 mg. were obtained. This product was hygroscopic 
and undoubtedly very impure. Recrystallization from 20 per 
cent HCl gave 651 mg., [a], = +27.2°. A second recrystalliza- 
tion yielded 504 mg. of the pure product listed in Table I. The 
total amount of glutamic acid left in the combined mother liquors 
and crude hydrolysate was shown by the Cohen analysis to be 
380 mg. 

(c) Slightly Necrotic Section, Dakin Procedure—The hydrolysate 
from 20 gm. of dry tissue yielded two crops of crude glutamic acid 
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hydrochloride totaling 1540 mg. Two recrystallizations and work- 
ing up the mother liquors gave the first two pure fractions listed 
in Table I. The third fraction was obtained by recrystalliza- 
tion of a crude fraction isolated from the propyl alcohol extract 
as described under Case 5-a. No Cohen analyses were made on 
the residues, since the value for total glutamic acid in this tissue 
was determined in the following experiment. 

(d) Slightly Necrotic Section, Cuprous Oxide Procedure—For the 
hydrolysis 10 gm. of dry tissue were used. From an aliquot of 
the hydrolysate corresponding to 7.63 gm. of dry tissue two 
crops of crude glutamic acid totaling 2203 mg. were obtained. 
One recrystallization from 20 per cent HCl gave 764 mg., [a], = 
+25.3°; a second recrystallization yielded 535 mg., as listed in 
TablelI. In this, and in the two subsequent cases, Nos. 6-a and 6-b, 
no attempt was made to recover glutamic acid from the mother 
liquors. Cohen analysis of an aliquot, taken from the original 
hydrolysate after clarification by cuprous oxide and subsequent 
removal of copper, showed that the latter contained an amount 
of glutamic acid equivalent to 9.5 per cent of the dry tissue used. 

Case 6. Metastatic Abdominal Carcinoma, Primary in Thyroid 
(Human)—Insolubie and soluble protein fractions, weighing 28 
gm. and 13 gm., respectively, were prepared from 500 gm. of 
fresh tumor tissue as described by Kégl and Erxleben, except that 
each fraction was washed thoroughly with ether before the final 
drying. The two fractions were analyzed separately by the 
cuprous oxide procedure, as follows: 

(a) Insoluble Fraction—7 gm. of dry tissue were hydrolyzed and, 
after clarification by cuprous oxide, an aliquot of the hydrolysate 
equivalent to 6.3 gm. of tissue yielded 909 mg. of crude glutamic 
acid hydrochloride. One recrystallization from 20 per cent HCl 
gave 456 mg. ([a], = +29.5°) which, after a second recrystalliza- 
tion, amounted to 371 mg., as indicated in Table I. Cohen anal- 
ysis of an aliquot of the clarified hydrolysate showed that the total 
amount of glutamic acid present was equivalent to 10.1 per cent 
of the weight of dry tissue used. 

(b) Soluble Fraction—From an aliquot of a hydrolysate pre- 
pared as in Case 6-a and equivalent to 5.85 gm. of dry tissue, 
1372 mg. of crude hydrochloride were isolated. The once re- 
crystallized product weighed 604 mg. ([a], = +26.6°); a second 
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recrystallization gave 477 mg. (Table I). Cohen analysis of an 
aliquot of the original hydrolysate showed that the total glutamic 
acid present amounted to 12.0 per cent of the tissue used. 


SUMMARY 


By the procedures used by Kégl and Erxleben, glutamic acid 
hydrochloride has been isolated from ten protein samples repre- 
senting five malignant tumors and one non-malignant tumor. 
In no case was a fraction obtained the optical rotation of which 
indicated a d(—)-glutamic acid content greater than 4.4 per cent. 
The glutamic acid isolated amounted to 47 to 70 per cent of the 
total based on the Cohen analysis for glutamic acid. Our re- 
sults, therefore, do not support the claim of Kégl and Erxleben 
with respect to the presence of large amounts of racemized 
glutamic acid in tumors. 
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Various color reactions have been proposed for the estimation 
of estrogenic hormones. In some of these, the estrogens yield 
colored solutions which cannot be distinguished from those ob- 
tained with other phenols; their application to the determination 
of estrogens in urine extracts therefore requires a complete sep- 
aration of the hormones from accompanying phenolic impurities. 
To our knowledge, the difficulties inherent in such a purification 
have not been overcome to a sufficient extent to permit reliable 
hormone determinations.'. In contrast to these phenol reactions, 
the color test of Kober (2) and its various modifications (3-8) 
seem to be quite specific, since no urinary constituent has thus 
far been shown to yield with their use a pigment having the same 
absorption characteristics as those obtained with the estrogens. 
Nevertheless, if the Kober reaction is carried out upon such 
urinary extracts as have so far been available for quantitative 
estrogen determinations, the absorption maxima characteristic 
of the hormones are obscured by the presence of large amounts of 
colored impurities. The problem of analyzing such absorption 
spectra for the component parts derived from the estrogens has 
been attacked in two ways. Kober (5) and Cohen and Marrian 
(9) treated the crude color products with hydrogen peroxide; this 
reagent abolishes preferentially, although in our experience by 


? A partial solution of this problem has recently been reported by Talbot 
et al. (1), who have described a procedure for the estimation of a phenolic 
ketone, probably estrone. 
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TaBLe I 
Partition of Estrogens (100 to 300 >) between Immiscible Solvent Pairs 





Fraction of total 


Solvent pairs estrogen in (b) 
after equilibration 
































Aqueous phase, 100 cc. Organic phase, 100 ce. | Es- Es- | Es- 
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———————— ee | a — 
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TasBLe I—Concluded 














Fraction of total 
Solvent pairs estrogen in (b) 
after equilibration 
Aqueous phase, 100 ce. Organic phase, 100 ce. | Es- | Es- Es- 
(a) (b) triol a trone 
Bae ibis: cine per | per | per 
cent cent cent 
Water. . s dake de x eee Petroleum ether 0 44) 77 
(b.p. 35-60°) 
50% methanolf....................... ” ee 0 6 
EE «vis «3 v0 vnicee ays ee nieghnes % 0 0 7 
40% ss os eee te vg 0 8.1.3 
0% “ spear ine ty War . 0o| 8! 36 
Reet es Sr a) ere Petroleum ether: 0 
benzene (1:1) 
SS eer ser ee % >> 5 | 76| 98 

















* The figures for partition in benzene have been corrected for a slight 
enhancement (1 to 3 per cent) of the color ordinarily obtained with estro- 
gens in the Kober reaction when tested in the presence of a benzene 


residue. 
t Higher concentrations of NaOH yield no more complete extractions of 


estrone from benzene than are obtained with a 1.0 Nn solution. 
t The proportions represent volumes. 


no means exclusively, the absorption derived from the impurities. 
Venning et al. (4) attempted to estimate, and to correct for, the 
portion of the absorption caused by the contaminants. Their 
method is based upon observations indicating that the spectra 
of the contaminants are the same for all types of urine. Our 
own experience is that these spectra vary too much among differ- 
ent urines to permit reliable determinations of the estrogens if the 
necessary correction is large. We have therefore attempted to 
develop a fractionation procedure which would remove most of 
the chromogenic impurities of urine extracts without reducing 
their estrogen content. 

As a preliminary to such an investigation we determined the 
distribution coefficients of the estrogens known to occur in human 
pregnancy urine—estriol, a-estradiol, and estrone—for a number 
of pairs of immiscible solvents. The data are listed in Table I. 
Many of the solvents studied have previously been utilized in the 
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isolation of the estrogens, but quantitative distribution data 
have thus far been reported in only a few instances (9-12), 
Among the procedures tested which have not yet been applied 
to the purification of estrogens was their distribution between 
strong mineral acids and organic solvents. This was suggested 
by the work of Wieland and Seibert (13) who utilized the dif- 
ferences in the stabilities of oxonium salts for the separation of a 
mixture of mono-, di-, and trihydroxy bile acids. While we did 
not find sufficient differences among the oxonium salts of the 
estrogens to permit their separation from each other except in the 
case of estriol, our later studies with urine extracts indicated that 
many impurities could be separated from estrone and estradiol 
in this way. 

Since it had to be anticipated that distribution coefficients of 
pure estrogens might be altered significantly by the presence of 
urinary contaminants, the effect of such impurities upon solubility 
ratios was studied for those solvents which, according to our data, 
appeared to be promising for the purification of extracts. On the 
basis of these studies a procedure was developed which gave good 
recoveries (about 90 per cent) of estrogen added to various speci- 
mens of pregnancy urine. This procedure is outlined in the ac- 
companying diagram (see p. 693). 

For the extraction of hydrolyzed urine, ethyl ether or benzene 
was found to be suitable. With these solvents, estrone and 
estradiol are quite readily extracted. Since estriol is considerably 
more soluble in aqueous media than it is in benzene, its complete 
removal from urine requires either very large volumes of benzene 
or the use of a continuous extraction apparatus. Saturation of 
the urine with sodium chloride, however, makes it possible to 
effect almost complete extraction with the use of only 4 volumes 
of benzene. Slightly higher yields are obtained if the urine is 
extracted with ether, but the final products in this case are some- 
what more contaminated by chromogenic impurities. Moreover, 
in the extraction of urine with ether, troublesome emulsions are 
frequently encountered, whereas benzene and urine that is saturated 
with salt always separate very readily. 

Since the solubilities of estriol differ very much from those of 
estradiol and estrone, it did not seem feasible to purify the urinary 
estrogens by distribution procedures without separating estriol 
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from the other hormones. This separation is readily effected by 
extracting the benzene solution of a urinary extract with sodium 
carbonate.? If water is substituted for the sodium carbonate 
solution, a much cleaner estriol fraction is obtained, but the re- 
moval of estriol is not always complete. However, if this step 
is applied to a partially purified estriol fraction, the hormone can 
be quantitatively extracted from benzene with water. Estrio] 


Hydrolyzed urine, diluted and Hydrolyzed urine, diluted and 


saturated with sodium chloride; extracted with ether; ether 
extracted with benzene; benzene evaporated ; residue dissolved in 
concentrated benzene 

. | 





Benzene solution, extracted with 
sodium carbonate 





| 
Sodium carbonate phase, acidified Benzene phase, washed with 
and extracted with ether strong sulfuric acid, then ex- 
tracted with sodium hydroxide 


b ge | 
| Aqueous phase discarded Benzene phase discarded 


Ether phase, washed with sodium Aqueous phase, acidified and ex- 
bicarbonate and evaporated; tracted with benzene 
residue dissolved in nzene; 
benzene washed with bicar- 
bonate and extracted with water 











1 
Benzene phase discarded Aqueous phase discarded 

Water phase, evaporated; residue, Benzene phase, concentrated, then 
estriol fraction (T) washed with sulfuric acid and 


sodium carbonate; evaporated; 
residue, estréne-estradiol frac- 
tion (OD) 


fractions obtained from pregnancy urine in this way have chromo- 
genic properties quite similar to those of the pure hormone. These 
fractions have been designated as T fractions in the following 
sections. 

In the purification of the remaining estrogens we have relied 


? We had already adopted this procedure when Mather (12) reported his 
independent observation that sodium carbonate will remove estriol quan- 
titatively from a benzene solution of estrogens. 
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mainly upon their weakly acidic properties and their relatively 
low solubility in mineral acids. The use of rather strong sulfuric 
acid removes much pigmented and chromogenic material from the 


TasBie II 
Recovery of Pure Estrogens 








Recovery of added 














| Total estrogen found estrogen 
Amount of 
a 2. too a | added estrogen , Estrone- | 
(a) ae diol* | Amount (d) 
(T) — Ye | a 
| Y ie y | percent 
1. Benzene | 2000 (T) | 1910 | 0 | 1910 96 
| 175 (D)} Oo | 155 155 89 
180 (O) eee 170 
2. Crude benzene ex- 0 40 | 
tract of hydro- | 64 (D) | Pr we 60 
lyzed mid-preg-| 61 (O) | | @wietsA 
nancy urine | | | 
3. Hydrolyzed mid- 0 | 350 43 | | 
pregnancy urine | 2000 (T) 2100 | 43 | 1810 | 91 
64 (D) 350 | 100 | 57. | 88 
61 (O) 100 | 57 93 
4. Hydrolyzed late 0 | 760 | 146 | 
pregnancy urine | 2000 (T) | 2510 143 —s«1750 88 
| 64 (D) | 760 | 26 | 63 | 
| 61(0) | 750 | 202 59 | «7 
5. Hydrolyzed late | 0 | 1500 86 
pregnancy urine | 2000 (T) | 3130 | 82 1630 | 82 
| 64D) | 1500 | us | 6 | & 
| 61 (0) | 141 59 | (oF 
6. Hydrolyzed late | 0 4230 154 
pregnancy urine | 2000 (T) | 6050 150 | 1820 91 
| 64 (D) | 4200 | 214 64 | 100 
61 (O) | 210 60 | 98 





T = estriol; D = estradiol; O = estrone. 
* The estrone-estradiol recoveries have been corrected in the same man- 


ner as in Table I. 


benzene solutions of urine extracts containing these two hormones. 
Similar but less thorough purification can be obtained with the use 
of strong hydrochloric acid. Since pregnancy urine contains 
very little estradiol (14), we have not attempted to separate this 
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hormone from the accompanying estrone, but have determined the 
sum of these estrogens. The final products, designated OD frac- 
tions (indicating their content of estrone and estradiol), yield 
pigments in the Kober reaction only slightly less pure than those 
obtained with the T fractions. 

The adequacy of our extraction and purification procedures was 
tested by a series of recovery experiments. These have been 
summarized in Table II. It will be seen that our recoveries of 
estriol added to hydrolyzed urine averaged 88 per cent, those of 
estradiol 96 per cent, and those of estrone 96 per cent. These 


TaBLe III 


Chromogenic Properties of Urine Extracts. Comparison of Results Obtained 
with Two Different Reagents , 








Color product 
Volume 
: : Phosphoric acid 
Urine extract aaa Yeinal Kober reagent ~ sonar? 





urine 7 ‘ol . 
“sof equivalence “sat equivalence 





ce, 7 7 
2 0.098 15.0 0.1066 | 15.7 
4 0.123 18.8 0.116 17.3 
Estrone-diol fraction,OD} 50 0.088 13.4 0.020 (0) 
40 0.168 25.6 0.039 (0) 


Estriol fraction, T... 


ac “e ae 


“ “ce ae 


























* Specific for estriol. 
t e20 for 1 y of estrogen = 0.00654. 
t es for 1 y of estriol = 0.00672; of estrone = 0.00129; of estradiol = 


0.00135. 


experiments indicated, moreover, that a complete separation of 
estriol from the other two estrogens was accomplished. Addi- 
tional evidence for the completeness of this separation was ad- 
duced by testing the final extracts with the use of color reactions 
specific for one or the other of the individual hormones, rather than 
with the Kober test, which yields the same characteristic color 
with all three estrogens. The behavior of the final extracts with 
a reagent specific for estriol (7) has been illustrated in Table III. 
The data show that estriol is the only hormone present in our T 
(estriol) fractions, and that it is absent from the OD (estrone- 
estradiol) fractions. Further studies showed that the estrone- 
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estradiol fractions, but not the estriol fractions, form a purple 
pigment upon treatment with Zimmermann’s m-dinitrobenzene 
reagent (15); the presence of estrone in the estriol fractions can 
therefore be excluded.’ 

The spectral purity of the colored solutions formed by our ex- 
tracts in the Kober reaction was determined by photometric 
measurements carried out in two regions, at 520 and at 420 my. 
While the estrogens show maximal absorption at 520 my, urinary 
impurities absorb more strongly at the shorter wave-lengths. 
The ratio 20:20 therefore provides a sensitive index of the 


Pe: ae 





—— — 


420 mL 520 540 660 


Fig. 1. Absorption characteristics of colored solutions obtained in the 
Kober reaction with pure estrogens and with extracts of mid-pregnancy 
urine. Equivalent amounts (23 y) of estrogen are represented in each 
curve. Curve 1, pure estrogen, ratio é20:¢a0 = 6.5; Curve 2, estriol (T) 
fraction of urine, ratio = 5.8; Curve 3, estrone-estradiol (OD) fraction, 


ratio = 3.2. 


presence of urinary contaminants. With pure estrogen the 
ratio is constant only for rather narrow ranges of estrogen con- 
centrations, since the extinction at 520 my but not at 420 my is 
proportional to the amount of hormone tested. For estrogen 
concentrations that yield 6 values between 0.10 and 0.25, 
620: €2% amounts to about 6.5 under our experimental con- 
ditions. The ratios for our T and OD fractions vary between 3.0 
and 6.5 (see Fig. 1 and Table IV). Solutions having ratios falling 


* Because many OD fractions yield colors in the Zimmermann reaction 
closely resembling those given by pure estrone, we are currently investi- 
gating the feasibility of employing this reaction for estimating the estrone 
content of these fractions. 
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within this range are indistinguishable visually from those ob- 
tained with pure hormone. Even with solutions possessing ratios 
as low as 3.0 the error involved in determining the estrogen con- 
tent directly from the extinction at 520 my probably does not 
exceed 10 percent.‘ Below this point, however, the error increases 
markedly as the value of the ratio falls. Since we do not believe 
it feasible to correct accurately for this error, our method is limited 
to urines containing sufficient estrogen in relation to impurities 
to yield with it Kober colors possessing 62:2 ratios greater 


TaBLe IV 


Chromogenic Properties of Urine Extracts. Purity of Colors Obtained 
with Kober’s Reagent 




















Urine extract Color product Estrogen found 
Maturity | Volume fant Probable 
reiny| orginal | Tamed | et | em | GE | Amount | oer 
mos. ce. Y per cent 
4 8 x 0.146 0.054 2.7 22.3 13.2 
6 8 - 0.183 0.040 4.6 28.0 3.4 
9 2 - 0.185 0.030 6.2 28.3 0.9 
10 1 . 0.260 0.046 5.7 40.0 1.3 
8 30 OD 0.156 | 0.054 2.9 23.8 11.4 
9 20 v4 0.205 0.062 3.3 31.3 9.0 
10 20 ” 0.225 | 0.050 4. 34.4 3.7 

















*T = estriol fraction; OD = estrone-diol fraction. 
t eso for 1 y of estrogen = 0.00654. 
t es20 : cao for estrogen = 6.5. 





* Venning et al. (4) found that the é20:¢ ratio of the Kober products 
obtained with urinary impurities was approximately 0.5, a figure which we 
canconfirm. From this, it may be calculated that the estrogen component 
of the extinction at 520 mu for crude Kober products derived from estro- 
genic extracts equals 1.083(es20 — 0.5¢20), where 20 and eo represent ob- 
served values. The presence of contaminants affects only the estimations 
of preformed urinary estrogens. No similar error is involved in estimates 
of the recoveries of estrogens which have been added to urine (see the 
recovery experiments of Table II). Such estimates are based upon the 
increase of absorption at 520 my exhibited by a color product derived from 
urine containing added hormone over that of a product derived from 
acontrol specimen. The error arising from the presence of small amounts 
of impurities is the same for each member of the pair; therefore the dif- 
ference in their optical densities at 520 my is a direct measure of their 
difference in estrogen content. 
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than 3.0. This condition is fulfilled if the urine contains estriol 
in concentrations greater than 1000 y, or estrone (plus estradiol) 
in amounts exceeding 500 y per liter. 

The above considerations are valid only if it can be shown that 
the reactions of Kober’s solution with estrogens and with urinary 
impurities proceed independently. Data in support of this are 
listed in Table V, which shows that the absorption equivalent of a 
given amount of pure estrogen is the same if measured in the 
absence or in the presence of a urinary extract.’ Table VI shows 
that the extinction at 520 my of a urinary extract treated with 
Kober’s reagent is proportional to the amount of extract tested, 
as is the case with pure estrogens. 


TABLE V 


Chromogenic Properties of Urine Extracts. Absence of Substances Influ- 
encing Development of Color between Pure Estrogen and Kober’s Reagent 























Velupe Amount of | Color product Ameat 
~~ " t 
Urine extract = added tc to | Estrogen csteegmn 

— extract eal equivalence found 

| cc. 7 | | Y | 7 

T fraction only... 1 0 0.191 | 29.2 | 
Same + estriol... 1 41.5 . * | 72.0 | 42.8 
OD fraction only... 40 0 | 35.0 | 
Same + estrone.. | 40 14.8 : re 50.0 | 15.0 








*T = estriol fraction; OD = estrone-diol fraction. 
t és20 for 1 y of estrogen = 0.00654. 


To obtain further information concerning the purity of our T 
fractions, the procedure was carried out with urine of late preg- 
nancy on a preparatory scale. Colorimetric assay indicated 
that more than half of the T fraction consisted of estriol. 57 per 
cent of this chromogenic material was obtained in crystalline 
form. The melting point (266-272° corrected) was raised by 
further recrystallization to 276°. 


5 In the Kober reaction as modified by Venning the intensity of the color 
developed by estradiol is somewhat diminished if there is an excess of 
estrone present in the sample being tested. Since such a proportion of 
estrone to estradiol prevails in pregnancy urine, fractions containing these 
two hormones may yield less than their actual content of total estrogen if 
tested by Venning’s method. Owing to the small amounts of estradiol 
involved, however, the error is small (about 3 per cent) in comparison with 
the total amount of estrogen present in these fractions. 
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The claimed specificity of the Kober test can be convincingly 
demonstrated only by a comparison of assay data obtained by 
colorimetric and biological methods. We have not assayed our 
final products by both procedures, but have compared in Table 


TaBLe VI 
Chromogenic Properties of Urine Extracts. Proportionality of Extinction 
at 520 Mu for Varying Amounts of T (Estriol) Fraction Tested 
with Kober’s Reagent 





Color product 





Volume equivalent 


of original urine Estriol equivalence 

















€s20* 
Total Per cc. 
—_ 
5 0.106 16.2 3.2 
10 | 0.218 33.3 3.3 
15 | 0.320 48.9 3.3 
20 | 0.420 64.2 3.2 





* «29 for 1 y of estrogen = 0.00654. 











Taste VII 
Estrogen Content of Urine of Pregnancy 
| Photometric data, authors’ | Bioassay data of Smith and Smith 
Maturity of method (14) 
yee A 
Estriol Estrone-diol Estriol Estrone-diol 
mos. y perl. + perl. ¥ per 24 hrs. 7 per 24 hrs. 
4 2,800 270? 2,000 220 
6 3,500 270? 4,000 510 
7 7,500 565 
7 3,450 270? 10,000 330 
8 7,600 710 10,000 960 
Ss 580 10,000 330 
9 11,600 1500 11,100 742 
i) 14,100 12,500 270 
10 16,500 400 26,500 720 
10 40 ,000 2870 30,000 520 

















VII colorimetric determinations for different periods of gestation 
with the bioassay data reported by Smith and Smith (14). The 
values are of the same order of magnitude. 

The colorimetric procedure described in this report is believed 
to be simpler and more accurate than the biological assay of 
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urinary estrogens. However, the range of applicability of the 
chemical method in its present form is considerably more limited. 
as it cannot be used for estrogen determinations in non-pregnaney 
urine. 

In this discussion we have not touched upon the errors due to 
losses of estrogens taking place during the hydrolysis of urine, 
These errors are of unknown magnitude and will affect estrogen 
determinations carried out not only by chemical but also by 
biological methods. 


oy 


EXPERIMENTAL 


Solvents and Apparatus—Since commercial solvents contain 
impurities that interfere with the colorimetric determinations of 
estrogens, all solvents used must be purified. 

Ether, v.s.p., was shaken with a solution of ferrous sulfate (1 
per cent) in water, washed with water, and then distilled. The 
purified solvent was stored in the cold. 

Benzene, grade “pure,” redistilled. 

Petroleum ether, b.p. 35-60°, was treated with concentrated 
sulfuric acid for 10 days, separated from and washed free of acid, 
and distilled. 

All vessels used for distillations and for hydrolysis were equipped 
with ground glass joints. No lubricant was used on the stop- 
cocks of the separatory funnels. 

Distribution Experiments—The concentrations of estrogen® and 
the volumes of solvent used have been indicated in Table I. In 
general, the estrogen was first dissolved in a small volume of 
ethanol (1 to 3 ce.) and the latter then added to the organic 
solvent to be tested. After equilibration, the organic phase was 
separated and taken to dryness. The residue obtained was taken 
up in a measured volume of ethanol; an aliquot of this solution 
was then transferred to a colorimeter tube, evaporated to dryness, 
and tested with a color reagent (see below). 

Hydrolysis of Urine—The pH of the urine was brought to 2 
(thymol blue) by the addition of hydrochloric acid. 5 volumes 
per cent of concentrated hydrochloric acid were then added, and 


Pager 2A. St Oe ee ai » 


& 


¢ The melting points of estriol, a-estradiol, and estrone used for this 
purpose, for the recovery experiments, and for the preparation of color 
standards, have been noted in Paper I (6). 
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the mixture boiled for 1 hour under a reflux (16). This technique 
of hydrolysis of pregnancy urine gave as satisfactory yields of free 
estrogen as two alternative methods which were tested (17, 18). 
It was selected principally because the dark hydrolysates obtained 
with its use appeared to provide a good test of any proposed 
method of purification. In the recovery experiments, the urine 
hydrolysates were seeded with crystalline estrogens that had been 
dissolved in small volumes of ethanol (not more than 3 cc.). 

Extraction of Urine—100 cc. of freshly hydrolyzed urine were 
cooled and diluted with an equal volume of distilled water. 56 
gm. of sodium chloride were added. The resultant solution was 
extracted four times with an equal volume of benzene. The com- 
bined benzene extracts were washed with 0.02 volume of a freshly 
prepared 9 per cent solution of sodium bicarbonate (anhydrous) 
and concentrated to about 35 cc. 

In an alternative procedure the diluted hydrolysate, without 
the addition of salt, was extracted with 1 equal volume and 2 half 
volumes of ether. The combined ether extracts were washed 
with 0.02 volume of 9 per cent sodium bicarbonate and taken to 
dryness. The residue was dissolved in a minimal volume of 
ethanol (less than 0.5 cc.), and the solution diluted with 35 ce. 
of benzene. 

Fraction T—The benzene extract (35 cc.) was extracted once 
with 1 and twice with 0.5 volume of 9 per cent sodium carbonate 
(anhydrous) and once with 0.1 volume of water. The purification 
of the benzene phase will be described below. The aqueous ex- 
tracts were combined, acidified to a pH of less than 6 with hydro- 
chloric acid, and then extracted three times with 0.5 volume of 
ethyl ether:}.~The combined ether extracts were washed twice 
with 0.1 volume of 9 per cent sodium bicarbonate solution and 
taken to dryness. The residue was dissolved in 0.5 ce. or less of 
ethanol; the solution was diluted with 50 cc. of benzene and 
washed with 1 cc. of 9 per cent sodium bicarbonate. The benzene 
phase was transferred to a clean separatory funnel and extracted 
with three equal volumes of water. The aqueous phase was evap- 
orated to dryness in vacuo. The residue was dissolved in a 
measured volume of ethanol, from which aliquots were transferred 
to colorimeter tubes and evaporated to dryness for testing. 

Fraction OD—The benzene extract (35 cc.), after the removal of 








pac) 
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Fraction T, was washed once with 0.25 volume of diluted sulfurie 
acid (4 parts by volume of the concentrated acid to 5 parts of 
water) and twice with 0.5 volume of water. It was then extracted 
four times with an equal volume of N sodium hydroxide. The 
alkaline extracts were combined, acidified to a pH of 6 or less with 
hydrochloric acid, and then extracted once with 1.5 and twice 
with 0.75 volume of benzene. The combined benzene extracts 
were concentrated to about 50 cc., and were then washed sue- 
cessively with 0.25 volume of diluted sulfuric acid (4:5), twice 
with 0.5 volume of 9 per cent sodium carbonate solution, and 
twice with 0.5 volume of water. The benzene was evaporated to 
dryness and the residue taken up in a measured volume of ethanol, 
from which aliquots were transferred to colorimeter tubes for 
evaporation and test. 

Color Reagents and Photometry—The T fractions were tested 
with Kober’s phenolsulfonic acid reagent, as modified by Venning 
et al. (4), or with a specific phosphoric acid reagent (7). The OD 
fractions were usually assayed with the Kober reaction as modified 
by one of us (6). In the 17-ketosteroid determinations the 
procedure of Callow et al. (19) was followed. 

The aliquots of the T and OD fractions used for colorimetric 
assays contained 10 to 60 y of estrogens. The photometric 
measurements were made with an Evelyn photoelectric photome- 
ter in the manner described in Paper I (6). 

The final color products obtained by testing the OD fractions 
with the Kober reagent were further purified by washing with 
0.5 volume of benzene. (After separation of the benzene, the 
colored solutions may be found clouded by the presence of a small 
residuum of emulsified benzene; they can be clarified under re- 
duced pressure.) This procedure removes impurities without 
affecting the pink pigment produced by the estrogens, provided, 
however, that the value of the ratio 629: &2 of the color product is 
not lower than 2.0 before washing. If the OD fraction contains 
a higher concentration of impurity (620: less than 2.0), an 
appreciable amount of estrogen color is also removed. 


SUMMARY 


A method is described whereby urinary estrogens may be ex- 
tracted quantitatively in a form pure enough to yield, with’ 
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appropriate color reagents, products closely resembling those ob- 
tained with pure hormones. In the procedure, estriol is separated 
from estrone and estradiol. The method can be used for deter- 
minations of estriol when this substance is present in the urine 
in concentrations exceeding 1000 y per liter, and for estimating 
the sum of estrone and estradiol when this exceeds 500 y per liter; 
ie., pregnancy urine from about the 4th month of gestation to 
term. Aside from losses of hormone occurring during the hydroly- 
sis of urine, which are of unknown magnitude and affect all 
methods of determination, the estimations of urinary estrogens 
obtained with our procedure are accurate within limits of about 
+10 per cent. The method is simple enough for use in clinical 
investigations of the urinary excretion of estrogens. 

In the development of the method, data have been obtained 
concerning the distribution coefficients of estrone, a-estradiol, 
and estriol for a large number of pairs of immiscible solvents. 


It is a pleasure to acknowledge our indebtedness to Dr. Hans 
Hirschmann, Dr. Frieda Hirschmann, and to Mrs. Dorothy 
Leekley for advice and assistance during the course of this in- 
vestigation. We wish to thank Dr. E. Schwenk of the Schering 
Corporation for supplies of crystalline a-estradiol, and Dr. O. 
Kamm of Parke, Davis and Company for estrone and estriol. 
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The distribution of the non-protein sulfur of the blood, as re- 
corded in the literature, varies greatly. While, to some extent, 
these variations may be related to species differences, they are 
undoubtedly due also to lack of uniformity in the analytical pro- 
cedures employed. Most of the more recent studies have been 
concerned with the inorganic sulfate content of blood! (1,2). The 
presence of organic sulfur in blood as a constituent of the molecule 
of glutathione has been recognized, but despite the very consid- 
erable volume of data, the values are difficult to interpret because 
of lack of specificity of the methods commonly employed for its 
determination. The estimation of ergothioneine, which would 
also contribute to the organic sulfur fraction, has not been 
satisfactory. 

In experiments with animals to which sulfur-containing com- 
pounds had been administered, we were interested in the partition 
of the non-protein sulfur of the blood. Such partitions of urinary 
sulfur have been determined commonly, but to our knowledge, 
this procedure, as applied to blood, has not been used in the study 
of the intermediary metabolism of the sulfur compounds. 

It was also hoped that the demonstration of the presence of 
cystine in blood and its quantitative determination might be 


* This research was supported in part by grants from the research funds 
of the Horace H. Rackham School of Graduate Studies of the University of 
Michigan. 

‘The papers of Power and Wakefield (1, 2) afford excellent critical re- 
views of the methods for the determination of sulfate sulfur in blood and 
data concerning the sulfate sulfur of human blood. 


705 








706 S in Plasma Ultrafiltrates 


accomplished, a demonstration previously unconvincing (3, 4). 
Since cystine, if it is included among the amino acids normally 
present in blood, would be present in exceedingly small amounts, 
it was evident that loss of cystine associated with the usual de- 
proteinization of blood prior to the determination of the non- 
protein sulfur (5, 6) must be prevented. It was also desirable to 
avoid dilution of the blood which is usually necessary in depro- 
teinization procedures. 

Consideration of these facts convinced us that ultrafiltration 
might be well adapted to our purposes. In ultrafiltration, loss of 
sulfur compounds by adsorption on the precipitated protein is 
avoided, dilution is unnecessary, and the possibility of secondary 
changes in the sulfur compounds by the action of deproteinizing 
reagents is minimized. In the present paper are reported studies 
of the partition of the non-protein sulfur of ultrafiltrates of blood 
plasma of various species. It has also been possible to determine 
cystine (t.e., the chromogenic factor in the Sullivan reaction with 
naphthoquinonesulfonic acid) in these filtrates. 

The ultrafiltration procedure of Greenberg and Gunther (7) was 
selected as simple, rapid, and efficient. The chief modifications 
were the use of larger collodion (parlodion, Mallinckrodt) sacs of 
25 ec. capacity for ultrafiltration membranes and of larger receiv- 
ing tubes (70 cc. capacity) in order to increase the usefulness of 
each filter. It was possible to obtain an ultrafiltrate corresponding 
in volume to from 40 to 60 per cent of the plasma in 3 to 5 hours. 
All ultrafiltrates were tested for the presence of substances precip- 
itable by trichloroacetic acid with negative results. Shortly after 
we had standardized our ultrafiltration procedure, Gaebler (8) 
described an ultrafilter by which 67 per cent of the serum could 
be filtered in 2 hours. If this could be adapted to the samples of 
blood obtainable in metabolism experiments with small animals, 
its use would be preferable because of its greater rapidity and 
effectiveness. 

For the sulfur partition studies, plasma was obtained by cen- 
trifugation of oxalated plasma. Since the amount of cystine in 
blood was found to be very small and since it was planned to 
remove and analyze samples of blood from the same animal re- 
peatedly, it was necessary to employ as small a sample of blood 
for each analysis as was possible and to obtain a maximal volume 
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of plasma for ultrafiltration, when cystine was to be determined. 
In preliminary experiments, it was observed that the corpuscular 
mass remaining after centrifugation was more compact and that a 
larger volume of plasma was secured when fluoride was used as an 
anticoagulant. Thereafter in order to obtain maximal volumes 
of plasma (and ultrafiltrates), we employed a mixture of fluoride 
and oxalate in the preparation of plasmas, in ultrafiltrates of 
which we desired to determine cystine. For each 10 ec. of blood, 
400 mg. of sodium fluoride and 0.2 to 0.3 cc. of a 20 per cent solu- 
tion of potassium oxalate were placed in the centrifuge tube in 
which the blood was collected and centrifuged. This fluoride- 
oxalate plasma was not satisfactory for the determination of the 
sulfur partition in the ultrafiltrates, since the presence of the 
fluoride appeared to interfere with the precipitation of the benzi- 
dine sulfate. It was, however, employed successfully in the 
determination of cystine. 

The choice of a method for the determination of sulfur in the 
ultrafiltrate was not easy. A colorimetric reaction suitable for the 
determination of small amounts of sulfur and adapted to photo- 
metric methods seemed essential. After many trials, the benzi- 
dine precipitation method was selected. The benzidine content 
of the precipitate was determined essentially by the method of 
Cuthbertson and Tompsett (9) as modified by Pirie (10), which 
involves diazotization of the benzidine followed by coupling with 
thymol in alkaline solution. The percentage transmission of light 
through the red solution was determined in a Zeiss Pulfrich pho- 
tometer (11) used in the vertical position. A 10 mm. cell and a 
No. 8-50 filter were found most satisfactory. The photometric 
procedure was standardized by measuring the light transmission 
when known concentrations of benzidine (1 to 10 y) were similarly 
diazotized and coupled with thymol. 

The use of oxalated plasma is, in general, not entirely satis- 
factory when benzidine is to be used as a precipitant for the sulfate 
ion, as in the determination of inorganic and total sulfate sulfur. 
We were, however, faced with the problem of securing a fluid free 
from cells as rapidly as possible, since we wished to avoid hemolysis 
and possible liberation of substances which might yield compounds 
containing sulfur which would be ultrafiltrable. The use of oxalate 
and immediate centrifugation seemed the best solution. A part 
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of the added oxalate is precipitated and it is possible that part 
may not be ultrafiltrable. The amount of oxalate added was 
always the same (approximately 25 mg. of potassium oxalate per 
10 ec. of blood) and any error should be a constant one. The fact 
that the results obtained were comparable to those for serum and 
plasma reported by others leads us to believe that no serious error 
is introduced by the use of oxalate in our plasma ultrafiltrate 
analysis. The procedure was designed for use in studies of the 
metabolism of sulfur-containing compounds and we consider that 
the values obtained are comparable and capable of interpretation. 

Inorganic Sulfate Sulfur—0.5 ce. of an ultrafiltrate of human 
plasma was added to an equal volume of 20 per cent trichloro- 
acetic acid,? 0.1 ce. of sulfate-free water and 2.5 cc. of a freshly 
prepared 1 per cent solution of benzidine in redistilled acetone 
were added, and the solution was thoroughly mixed by vigorous 
stirring. With animal plasmas of a higher sulfate content smaller 
volumes of ultrafiltrate were employed and water added to give a 
volume of 0.5 ce. We have preferred to carry out the precipita- 
tion in capillary centrifuge tubes of approximately 15 cc. capacity. 
These tubes, which may be made readily from Pyrex tubing, 
should have a capillary not over 1 mm. in diameter and from 5 to 
10 mm. in length. After thorough mixing, the tubes were allowed 
to stand in the refrigerator for 0.5 to 2 hours, the time being de- 
pendent on the amount of sulfate present. The tubes were then 
centrifuged at approximately 3500 r.p.m. for 15 minutes.’ After 
decantation of the supernatant liquid, the precipitate was washed 
thoroughly in the tube, first with 85 per cent acetone and subse- 
quently with absolute acetone. It was desirable to use thin stir- 
ring rods of wood, since glass or wire rods were observed to scratch 
the sides of the tube and centrifugation was unsatisfactory. The 
further treatment of the precipitate was as described by Pirie (10) 
with the use of the photometer to determine the light transmission 
of the colored solution. It was, of course, necessary to carry out 
blank determinations to ascertain the sulfur content of all the 
reagents used in this and the procedures to be outlined subse- 


quently. 


2 The conditions for the precipitation of the benzidine sulfate are essen- 


tially those of Hubbard (12). 
* Procedures for filtration were also developed and used, but in our 


opinion, centrifugation is more satisfactory. 
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Total Sulfate Sulfur—1 cc. of human plasma ultrafiltrate (0.3 
to 0.5 cc. of plasma ultrafiltrates of other species) wag placed in a 
small porcelain crucible (No. 0 is convenient) with 1 cc. of 10 per 
cent hydrochloric acid and heated for 1 hour on the steam bath. 
To the dry material 1 cc. of water was added and the heating was 
repeated for approximately 1 hour. The contents of the crucible 
were then dissolved in 3 cc. of 10 per cent trichloroacetic acid with 
the aid of vigorous stirring. The solution was transferred to a 
centrifuge tube and any charred material or silica was centrifuged 
out. An aliquot of the supernatant fluid (usually 1 cc.) was 
analyzed as already described. Conjugated sulfate sulfur was 
calculated as the difference between the total sulfate and inorganic 
sulfate sulfur. 

Total Sulfur—Aliquots of the ultrafiltrates (usually 0.3 to 0.8 
ec. for animal plasma ultrafiltrates and 1 cc. for human) were 
measured into small porcelain crucibles, 1 cc. of a diluted Bene- 
dict’s sulfur reagent (15 ce. diluted with sulfate-free water to 50 
ec.) was added, the solutions were carefully evaporated to dryness 
on a steam bath, and the residues were ignited with the precautions 
usual in macro sulfur determinations. The ignited material was 
dissolved in 1 ec. of hydrochloric acid (10 per cent) and the solu- © 
tion was evaporated to dryness on the steam bath. Subsequent 
procedures were the same as those described for the total sulfate 
sulfur determination. 

Experiments with known solutions of potassium sulfate and 
cystine by the methods outlined demonstrated that with amounts 
of sulfur comparable to those present in ultrafiltrates satisfactory 
results could be obtained. In similar experiments in which known 
amounts of cystine and inorganic sulfate were added to plasma 
before ultrafiltration, the recoveries were slightly high. The 
results of a typical experiment are presented in Table I. 

A summary of results obtained is presented in Table II, to- 
gether with values for the partition of sulfate sulfur of normal 
human sera obtained by Power and Wakefield (1). (This paper 
should be consulted for a summary and evaluation of the more 
important determinations of the inorganic sulfate sulfur of human 
blood sera.) The concentrations of total sulfate and inorganic 
sulfate sulfur of human plasma ultrafiltrates are comparable to, 
although slightly lower than, those of human sera reported by these 
investigators, while the values for conjugated sulfate sulfur are 
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slightly higher. It is realized that the latter are calculated by 
difference ard the results are therefore less accurate. We believe, 
nevertheless, that the differences between the total sulfate and 
inorganic sulfate fractions, although slight, indicate the presence 
of small amounts of conjugated sulfate in plasma. In a prelimi- 
nary report (13), available after the completion of the experimental 
work here reported, Letonoff and Reinhold have presented a study 
of the partition of the non-protein sulfur of human sera which is 
summarized in Table II. Deproteinization was effected by ura- 
nium acetate. Filtrates obtained by deproteinization with tri- 


TaBLe I 
Recovery of Inorganic Sulfate and Organic Sulfur Added to Plasma 

A sample of human plasma was subjected to ultrafiltration and the 
ultrafiltrate was analyzed. The procedure was repeated with a sample of 
the same plasma to which potassium sulfate and cystine, each equivalent 
to 0.83 mg. per cent of sulfur, were added. All values are the averages of 
closely agreeing duplicate determinations and are reported as mg. per 100 
ec. of filtrate. 

















Sulfur 
i 
Sulfate 
| Total a ae | as | Onganie 
| oe | Total | a | omy | 
Plasma ultrafiltrate, no added sul- 
fur compounds (a)...... | 2.78 1.15 | 0.97 0.18 1.61 
Plasma ultrafiltrate, cystine and | 
sulfate added to plasma (b)....... 4.47 | 2.01 | 1.86 | 0.15 | 2.46 
Difference, (b) — (a)............ | 1.69 | 0.86 0.89 |—0.03 | 0.85 
Sulfur added................ ...-| 1.66 | 0.83 | 0.83 0 | 0.83 





chloroacetic acid, the agent employed by Power and Wakefield, 
gave significantly higher values for total, inorganic sulfate, and 
organic sulfur, while the values for conjugated sulfate sulfur were 
lower. They also state that the analyses of plasma were compar- 
able to those of sera. As shown in Table II, the total non-protein 
sulfur content of human sera, as determined in their studies, is 
very similar to that of ultrafiltrates of human plasma. 

The oxidized (sulfate) sulfur of the ultrafiltrates of the other 
species studied, notably the rabbit, is significantly higher than 
that of human plasma ultrafiltrates. The organic sulfur fraction 
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does not show any variation characteristic of the species. The 
inorganic sulfate sulfur values of ultrafiltrates of rabbit and beef 
plasma are similar to those reported for serum ultrafiltrates of the 


same species by Meyer-Bisch and Heubner (14), who determined. 


the sulfur microgravimetrically as barium sulfate. 

Cystine Content of Plasma Ultrafiltrates—For the determination 
of the cystine content of ultrafiltrates of fluoride-oxalate plasma, 
the reaction with naphthoquinonesulfonic acid was _ utilized. 
Since, with the small amounts of cystine present, the color devel- 
oped was slight, we have employed the Zeiss Pulfrich photom- 
eter rather than the colorimeter. This instrument has been 
used by Bushill, Lampitt, and Baker (15) in similar colorimetric 
determinations with satisfactory results. 

After many trials, the following procedure was developed which 
in our hands has given satisfactory and reproducible results. 
Since the naphthoquinonesulfonic acid reaction is a difficult one 
at best, it is necessary to standardize carefully all the procedures. 
To 6 cc. of ultrafiltrate (if smaller volumes are used, these should 
be diluted with water to give a volume of 6 cc.), 2 cc. of 10 per cent 
sodium cyanide (aqueous solution) are added and, after mixing, 
the solutions are allowed to stand for 10 minutes at 20-25°. Dur- 
ing this interval, the sodium sulfite solution (10 per cent in 0.5 N 
sodium hydroxide) and the quinone solution (0.5 per cent aqueous 
solution of sodium 6-naphthoquinonesulfonic acid) are prepared. 
At the end of the 10 minute period, add 1 cc. of the quinone solu- 
tion and exactly 10 seconds later 5 cc. of the alkaline sulfite solution 
with thorough but not too vigorous mixing after the addition of 
each reagent. The tubes are stoppered and placed in the dark. 
After color development has proceeded for 30 minutes, 1 ce. of 
freshly prepared alkaline sodium hydrosulfite (1 per cent in 0.5 N 
sodium hydroxide) is added and the solution is carefully mixed. 
After 10 to 15 minutes, the solutions are placed in a 10 mm. cell 
of the Zeiss Pulfrich photometer with the use of a No. S-53 filter* 
and readings are taken. The standard curve of the photometer 
was obtained with known amounts of cystine treated as described 
above. 

* Bushill and coworkers (15) have shown that the best proportionality 


between extinction coefficients and cystine content is obtained with Filter 
8-53. Krijgsman and Bouman (3) advise the use of Filter 8-57. 
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Control experiments with varying amounts of pure cystine and 
with ‘‘synthetic filtrates,’’ which contained sodium chloride, urea, 
uric acid, glucose, creatinine, and creatine and a mixture of amino 
acids (including methionine) in amounts comparable to or some- 
what greater than those present in plasma, to which cystine was 
added showed that cystine could be determined with an accuracy 
of at least 10 per cent and usually within 5 per cent. While this 
may not be as accurate as is desirable, it must be remembered that 
the quantities of cystine in blood are exceedingly small. Cystine 
was added to whole blood in varying amounts, the plasma samples 
before and after the addition of cystine were subjected to ultra- 


Tase III 
Cystine Content of Plasma Ultrafiltrates 


All values are expressed as mg. per 100 cc. of the ultrafiltrate of oxalate- 
fluoride plasma. 











- | 
Type of blood | Bk Cystine Remarks 
| | 
Hog 3 0.64-0.87 | Mixed blood from slaughter-house 
Rat 3 | 0.75-0.86 | Heart “ ** 3 groups of 4-5 


| rats after 24 hr. fast 





Human 6 | 0.71-1.06 | Fasting, no breakfast 
“ 2 0.89-1.14 | Light breakfast 
- 3 | 0.91-1.06 | Heavy a 

Rabbit* 6 0.93-1.11 | 


24 hr. fast 


* Average value, 1.02 mg. per cent. 


filtration, and the cystine content of the ultrafiltrates was deter- 
mined. In a typical experiment, to a sample of hog blood whose 
plasma ultrafiltrate was found to contain 0.83 mg. per cent of 
cystine, cystine equivalent to 0.47, 0.94, 1.32, 2.35, 4.71, 9.41, and 
14.10 mg. per 100 cc. was added. The extra cystine contents of 
the plasma ultrafiltrates as determined were 0.69, 0.97, 1.34, 2.77, 
5.27, 8.08, and 14.97 mg. per cent respectively. It was felt from 
the results of these and other similar determinations that the use 
of this procedure in comparative studies in which sulfur-containing 
compounds were administered to experimental animals was 
warranted. 

From Table ITI, it is evident that cystine (7.e., the chromogenic 
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factor in the naphthoquinonesulfonic acid reaction) is present in 
very small but detectable amounts in normal plasma ultrafiltrates. 
The amount was relatively constant in fasting blood and no species 
differences were observed. A content of cystine of 1.0 mg. per 
cent (16) would be equivalent to approximately 0.12 mg. per cent 
of cystine nitrogen. Determinations of the amino nitrogen of our 
plasma ultrafiltrates by Folin’s colorimetric procedure have shown 
a content of 4 to 12 mg. per cent, with the greater number of the 
values included within the range of 4 to 7 mg. The average 
cystine nitrogen of the ultrafiltrates is thus approximately 2 per 
cent of the total free amino nitrogen, a value not inconsistent with 
the amount to be expected, if the amino nitrogen of the blood is a 
mixture of the various amino acids in the proportions present in 
the more common types of food or body proteins. 

Okuda (17) reported a content of 1 mg. per cent of cystine in 
cow serum as calculated from the —SS— content determined 
iodometrically. Hess (6) was unable to detect the presence of 
cystine in human blood. Harding and Cary (5) found little, if 
any, free cystine in blood plasma of cows but were unable to re- 
cover cystine added to plasma satisfactorily. More recently 
Krijgsman and Bouman (3), using tungstic acid filtrates and the 
Sullivan method for cystine’ applied photometrically, found traces 
only of total cystine in the blood of rats fasted 12 to 72 hours and 
surprisingly large amounts in the blood of laboratory animals 1 to 
4 hours after feeding (up to 14 mg. per cent). After the comple- 
tion of the work here reported, Fujita and Numata (4) determined 
cystine, total and preformed, in metaphosphoric acid filtrates of 
blood and tissues by a photometric application of the reaction of 
cysteine with dimethylphenylenediamine in the presence of ferric 
salts. A content of “total cysteine” of 0.8 mg. per cent was found 
in a single sample of rabbit blood. It is pointed out, however, 
that the determinations were subject to great error and that part 
of the cysteine may have originated from postmortal hydrolysis of 
glutathione. All of the total cysteine was believed to be present 
as preformed cysteine rather than as cystine. More recently (18) 


5 Sodium thiosulfate is stated to have been used in the final stage of the 
reaction rather than sodium hydrosulfite as recommended by Sullivan. 
This presumably is a typographic error, since some confusion as to the 
nomenclature of sodium hydrosulfite exists. 
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the total cystine content of horse plasma has been reported to be 
1.6 mg. per cent, a value significantly higher than that of horse 
erythrocytes, 0.6 mg. per cent. Hunter and Eagles (19) ques- 
tioned the presence of free cysteine in blood. 

It should be noted that we have made no attempt to determine 
the possible presence of cysteine in any of the ultrafiltrates. The 
values reported here and in Paper XXVIII represent “total” 
eystine (7.e., values obtained by the application of the naphtho- 
quinonesulfonic acid procedure to the ultrafiltrates after reduction 
with cyanide). Since glutathione is present in the erythrocytes 
rather than in plasma, it is believed that the possible origin of 
cystine (or cysteine) from this source is eliminated by the use of 
ultrafiltrates of plasma. The determination has been found of 
value in metabolism experiments, as will be detailed in Paper 
XXVIII. 


SUMMARY 


1. Ultrafiltrates of plasma have been shown to be well adapted 
to the study of the non-protein sulfur of blood plasma. The 
partition of the non-protein sulfur of plasma ultrafiltrates of a 
number of species is discussed. The values for sulfate sulfur are 
similar to those obtained with sera by other workers. 

2. It has been possible to determine cystine quantitatively in 
ultrafiltrates of plasma by a photometric adaptation of the color 
reaction with naphthoquinonesulfonic acid (Sullivan). The total 
cystine content of the ultrafiltrates of plasma of various species 
ranged from 0.64 to 1.15 mg. per cent. 
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THE METABOLISM OF SULFUR 
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The course of the metabolism of the naturally occurring sulfur- 
containing amino acids, cystine and methionine, has been studied 
frequently by the determination of the changes in the partition 
of the urinary non-protein sulfur after the administration of the 
amino acids or their derivatives (2-5). Similar investigations of 
the changes in the distribution of the non-protein sulfur of blood 
or plasma have not been made to our knowledge. In Paper 
XXVII of this series (6), we have shown that the partition of the 
non-protein sulfur of ultrafiltrates of plasma is carried out readily 
and that it is possible to determine the small amounts of cystine 
present in these ultrafiltrates satisfactorily. The present paper 
is concerned primarily with a study of the changes in the non- 
protein sulfur of plasma ultrafiltrates after the administration of 
Leystine and dl-methionine to rabbits. In the young white rat, 
growth occurs in the absence of dietary cystine when methionine 
is available (7). From this and other evidence, it has been as- 
sumed that methionine may be converted to cystine in the animal 
organism (8-11). It was therefore considered to be of particular 
interest to determine whether the cystine content of plasma ultra- 
filtrates was changed after the administration of methionine. 


* This work was supported in part by grants from the research funds of 
the Horace H. Rackham School of Graduate Studies of the University of 
Michigan. A preliminary report of a portion of the material here pre- 
sented has been published (1). 
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EXPERIMENTAL 


Young male rabbits of 2 to 3 kilos of body weight were main- 
tained on a constant mixed diet which permitted maintenance of 
weight or even growth in many cases. The animals were sub- 
jected to short preliminary fasts (usually of 24 hours duration) 
prior to and during each experiment. Blood was obtained by 
cardiac puncture. Since a considerable amount of blood (30 to 
40 cc.) was required for each complete analysis, it was not advis- 
able to withdraw serial samples at frequent intervals on any one 
experimental day. It was possible to withdraw the amount of 
blood required for a complete analysis at weekly intervals without 
injury to the animals. Accordingly one experiment was con- 
ducted each week with each animal, in which a single sample of 
blood was withdrawn at the desired interval after administration 
of the compound under investigation (7.¢., 1, 3, 6 hours, ete.). The 
constancy of the control values for fasting blood of each animal 
(Table I) would appear to justify this procedure. For example, 
in the case of Rabbit 5, thirteen samples of blood taken at weekly 
intervals were analyzed. The preparation of the plasma, the 
ultrafiltration procedure, and the methods of analysis have been 
described in Paper XX VII (6). 

The purity of the amino acids administered (/-cystine from hair 
and synthetic di-methionine) was established by analyses. The 
sodium salts were administered in amounts equivalent in their 
sulfur content (0.1 gm. of sulfur per kilo of body weight), either 
orally by stomach tube or by subcutaneous injection. Asa further 
control of the experimental procedure, a simple naturally occurring 
amino acid which contained no sulfur, glycine, was fed in amounts 
molecularly equivalent to those of the sulfur-containing amino 
acids. This served to determine whether flooding the system 
with amino acids regardless of their sulfur content would influence 
the partition of non-protein sulfur of the plasma. As is seen by 
inspection of Tabie I, the values obtained after glycine was fed 
were similar in every respect to the fasting control values. The 
changes in sulfur distribution observed after the administration of 
cystine or methionine would appear, therefore, to be related 
directly to the sulfur content of the amino acids fed or injected. 


1In calculating the glycine equivalent of cystine, 2 moles of glycine 
were considered equivalent to 1 mole of cystine (i.e., 2 moles of cysteine). 











Taste I 
Sulfur Distribution in Ultrafiltrates of Plasma of Rabbits after 
Administration of dl-Methionine, l-Cystine, and Glycine 

Unless otherwise indicated, the animals were fasted 24 hours prior to 
the experiment. The sulfur-containing amino acids were administered in 
amounts equivalent to 0.1 gm. of sulfur per kilo and glycine in amounts 
equivalent in nitrogen content to that of sulfur-containing amino acids. 
All results are reported as mg. per 100 cc. of ultrafiltrate. 





















































Sulfur 
| Ani- ‘ Sulfate 
pel Weight* er rs Or- Notes 
Total | Inor. a, -— 
kg. 
2 | 2.2 5.70| 4.75) 3.68) 1.07; 0.95) 12 hr. fasting control 
2.7 7.12) 4.95) 4.38) 0.57) 2.17, Fasting control 
2.3 | 7.30) 5.98) 5.45) 0.53) 1.32 " - 
2.4 | 7.40) 5.89) 5.32) 0.57) 1.51 " - 
2.4 7.81) 5.94) 5.35) 0.59) 1.87) 3 hrs. after oral glycine 
2.4 | 10.49) 6.27) 6.00) 0.27) 4.22) lhr. ‘“ ‘* methionine 
2.5 13.98) 6.23) 5.96) 0.27) 7.75) 3hrs. “ - ot 
| 2.6 14.80) 7.41) 7.20) 0.21) 7.39) 3“ sis ” ” 
2.5 | 10.95} 7.40) 6.90} 0.50, 3.55 6 “ “ “* “ 
2.5 | 11.75) 7.40) 6.97) 0.43, 4.35, 6 “ “ “ 
3 |3.4 | 6.02) 4.70) 4.05] 0.65) 1.32} 12 hr. fasting control 
3.3 | 6.63) 4.87) 4.74; 0.13) 1.77) 15 “ if a 
3.2 | 6.06, 4.37) 4.00) 0.37) 1.69) Fasting control 
| 3.6 | 6.61) 4.69) 4.43) 0.26) 1.92) 48 hr. fasting control 
/3.4 | 7.04) 5.28) 4.47] 0.81] 1.76) 0.5 br. after oral cystine 
| 3.3 | 11.00) 6.77) 5.52) 1.25) 4.23) 1 hr. after oral cystine 
3.3 | 8.35) 6.56) 6.49) 0.07) 1.79) 3.5 hrs. after oral cystine 
3.3 | 10.59) 8.94) 8.17) 0.77; 1.63) 6 hrs. after oral cystine 
3.5 7.40) 5.65) 5.10) 0.55) 1.75) 12 hrs. after oral cystine 
5 | 2.5 7.70) 5.94) 5.30) 0.64) 1.76} 12 hr. fasting control 
2.8 7.10) 5.44) 5.27) 0.17) 1.66} Fasting control 
3.3t | 7.43) 5.67) 5.35) 0.32) 1.76 - a 
3.6 7.40) 5.60) 5.25) 0.35) 1.80) 4 hrs. after oral glycine 
3.2 | 10.48) 6.66) 6.30) 0.36, 3.82) lhr. “ “ cystine 
3.4 | 10.70) 7.55) 7.05; 0.50} 3.15) 3hrs. “ “ ™ 
3.7 9.62) 7.32; 6.98 0.34, 2.30, 6 “ “ * ws 
3.0 | 11.67) 6.18) 5.60) 0.58) 5.49) lhr. “ ** methionine 
3.2 | 11.36) 6.99) 6.64) 0.35) 4.37) 3hrs. “ “ me 
2.6 | 10.30) 6.95) 6.85) 0.10, 3.35 6 “ “ 6 
2.8 | 13.80) 9.35) 8.05) 0.70, 4.45 6 “ “ “ . 
* As the experiments were done at weekly intervals, the weight of the 
animal changed as the experiment progressed. 
+ Sulfur partition of a trichloroacetic acid filtrate of plasma. 
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Ten rabbits were used in the study in which twenty-eight sam- 
ples of blood of fasting control animals, seven after oral glycine, 
twenty-three after oral cystine, twenty-one after oral methionine, 
and three and four after subcutaneous cystine and methionine, re- 
spectively, were analyzed. In the later experiments, which in- 
cluded most of the parenteral administrations of the amino acids, 
the cystine content only of the ultrafiltrates was determined. In 
the consideration of the data presented in Tables I and III, it should 
be noted that, although similar experiments are grouped in .the 
tables for easy comparison, the chronological order of the various 
experimental procedures was varied in order to be certain that the 
metabolic picture had not been altered in the course of the series. 
At least one analysis on a fasting control was made at the begin- 
ning and again at the end of the series of experiments with each 
animal. 

Details of typical experiments with three of the rabbits are pre- 
sented in Table I. The fasting control values were surprisingly 
constant with the possible exception of those of conjugated sulfate 
sulfur. As previously stated (6), we regard these values, obtained 
by difference, as less accurate than the values for inorganic sulfate 
or total sulfate sulfur. However, there is no evidence from our 
experiments that the conjugated sulfate sulfur of plasma ultra- 
filtrates is significantly altered by the administration of the sulfur- 
containing amino acids. In Table II, the average changes in the 
total sulfate and organic sulfur of the entire series of experiments 
are presented in relation to the control fasting values; 7.e., as the 
percentage of the fasting values of each individual animal. While 
averages of relatively small series are perhaps not entirely signifi- 
cant, the values in Table II serve to lend emphasis to those of 
Table I in that they also show a rapid increase in the sulfur content 
of the plasma ultrafiltrates after either of the sulfur-containing 
amino acids is fed. 

The increase in the oxidized (total sulfate) sulfur is clearly 
demonstrated 1 hour after cystine is fed, while the organic sulfur 
was usually at a higher level 1 hour after cystine than after 3 hours. 
The total sulfate sulfur continued to increase up to 6 hours (and 
possibly 9 hours, one experiment only), and was somewhat above 
the fasting level after 12 hours. The organic sulfur, on the other 
hand, reached its high level early and declined thereafter. This 
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indicates a rapid oxidation of the sulfur of cystine to sulfate, asso- 
ciated perhaps with a rapid removal of cystine from the blood. 
After methionine was fed, the rate of increase of the oxidized 
sulfur was less marked than after cystine. The total sulfate sulfur 
was still significantly above the fasting level after 12 hours. The 
organic sulfur increased to a higher level after methionine and 


Tase ITI 
Percentage Changes in Distribution of Sulfur of Plasma Ultrafiltrates after 
Oral Administration of the Sulfur-Containing Amino Acids 
All values are expressed as the average per cent relative to the fasting 
level values for each experimental animal. The number of experiments 
averaged is indicated. 


























Cystine fed Methionine fed 
Period after 
amino acid Sulfur | Sulfur 
feeding No. of No. of ex- 
Total sulfate| Organic | P*™™°"* otal sulfate! Organic | POments 
—— | 
hrs. per cent per cent | per cent | per cent 
0.5 | 113 105 1 
0.75 135 241 1 
1.0 133 206 6 108 325 4 
128* 233* 5* 
3.0 142 204 6 124 345 7 
145* 154* 5* 
6.0 182 140 5 136 360 7 
9.0 201 114 1 156 195 1 
12.0 134 109 3 139 153 2 
3.0t | 99 100 6 

















*In each of these series there was one value for organic sulfur which 
deviated greatly from the average value (low in the 1 hour series, high in 
the 3 hour series). These values represent averages if these two experi- 
ments are omitted. 

t The values in this row are the averages of the glycine control series in 
which samples were taken 3 hours after glycine was fed in four experiments, 
and 1 and 4 hours afterward respectively in two experiments. 


tended to remain at this high level longer than did the organic 
sulfur after cystine feeding. A comparison of the changes in the 
composition of the plasma ultrafiltrates after the ingestion of the 
amino acids suggested that methionine may be less readily oxi- 
dized or utilized than cystine under the conditions of these ex- 
periments. 
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It is possible that differences in the rates of absorption of 
methionine and cystine from the gastrointestinal canal may be 
significant here. No comparative data on the rates of absorption 
in the rabbit are available, so far as is known to us. In the rat, 
however, the rate of absorption of /-cystine, as determined by the 
Cori procedure, was only slightly higher than that of dl-methionine 
(12). The differences observed may also be related to the fact 
that the methionine used in the present experiments was the dl 
form while the cystine was /-cystine, the naturally occurring 
isomer. d-Cystine (13) is less readily oxidized by the rabbit than 
is l-cystine and is not available for purposes of growth of the 
young white rat (14). d-Methionine, on the other hand, is as 
effective in growth promotion as is the naturally occurring l isomer 
(15). Stekol (16) has shown that the sulfur of l- and of dl-methio- 
nine is retained equally well by adult dogs maintained on a protein- 
free diet or by growing dogs fed a low sulfur diet. We are not 
aware of any published studies in which the rate of excretion of 
the various sulfur fractions of the urine after methionine adminis- 
tration to rabbits has been determined? as after cystine (2). It 
would be of considerable interest to study changes in the sulfur 
distribution of plasma ultrafiltrates after the administration of the 
d and | isomers respectively of both cystine and methionine. 

The cystine values of the ultrafiltrate of fluoride-oxalate 
plasma (6) of six of the nine animals are given in Table III. It 
will be noted that the fasting control values were remarkably 
constant and approximated 1 mg. per cent. When glycine was 
fed, no changes in the cystine content were observed, thus demon- 
strating the specific nature of the changes observed when cystine 
or methionine was administered. When cystine was fed, the 
values for cystine of the ultrafiltrate of plasma showed a rapid and 
notable increase and were at a maximum in the samples collected 
1 to 3 hours after the administration of the amino acid. The in- 
creased cystine sulfur content accounted for most of the increase 


* A comparison of the rates of excretion of the various sulfur fractions 
of the urine after the administration of l-cystine, l-methionine, and dl- 
methionine by a human subject is available (17). Cystine as measured 
by the rate of excretion of sulfate sulfur was less readily oxidized than was 
either l- or dil-methionine. The oxidation of dl-methionine was ‘‘slightly 
more retarded’’ than that of /-methionine. 
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in organic sulfur of the filtrates in many cases but this was not 
invariably true. Thus, with Rabbit 5, the extra organic and 
cystine sulfur contents were 2.08 and 1.47 mg. respectively 1 hour 
after cystine feeding and 1.41 and 1.49 mg. in another experiment 
in which the blood was collected 3 hours after the ingestion of the 


Tas_e III 
Cysti ne Content of Plasma Ultrafiltrates after Administration of Glycine and 
the Sulfur-Containing Amino Acids to Rabbits 
The descriptive matter at the beginning of Table I should be consulted 
for details. All substances were administered orally unless otherwise 
noted. The v alue *s are expressed as mg. per 100 ec. of ultrafiltrate. 
































z Z| 
: Cystine! Notes 3 |\Cystine| Notes 
E a} __| 
8 | 1.11 | Fasting control 5 1.11 | F. asting onuinal 
0.93 | “2 ” 1.00 | 4 hrs. after glycine 
1.09 | 3 hrs. after glycine | | 6.56 ‘ihr. “  eystine 
4.17} thr. “ cystine | |6.67|3hrs. “ = “ 
8.33, 3hrs. “ "4 | | 2.60;6 “ 
20) 6% OM | |16.70" | 1 hr. “ 
| 3.20 Re ae ‘* methionine | # 89") 3hrs. ‘‘ methionine 
6/1.13; 3 “ “ glycine | 2.1.26;3 “ “ glycine 
15.30*, lhr. “ cystine | 1.89 | lhr. “ methionine 
2.24 | 6hrs. ‘' methionine | 2.40; 3hrs. “ - 
1.22} 9.5 hrs. after methionine; C216 72 1 
3.74 | 12 hrs. after methionine 
te - 
711.02; thr. “ glycine 10} 1.02 | Fasting control 
1.50 | at ‘* methionine 1.00 as * 
206) She. “ " 1.91*| 1 hr. after methionine 
1.70 Ste. > s | 4.70*| 3.5 hrs. after methio- 
Law | mine 





* Subcutaneous injection. 


cystine. On the other hand, with Rabbit 8, the corresponding 
values for extra organic and cystine sulfur were 2.51 and 0.84 mg. 
after 1 hour and 5.02 and 1.95 mg. after 3 hours. In this latter 
experiment, as noted in the foot-note to Table II, an unusually 
high organic sulfur was observed. These differences, which were 
usually noted in analysis of samples collected shortly after cystine 
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feeding, suggest the presence of some organic sulfur compound 
other than cystine in the ultrafiltrates, possibly an oxidation 
product of cystine. As would be expected, the content of cystine 
in the ultrafiltrates after subcutaneous injection increased rapidly 
to high levels (e.g., 15.30 and 16.70 mg., Table III). 

After methionine was fed or injected, a significant increase in 
the cystine content of ultrafiltrates was observed. This increased 
content although not marked after 1 hour, e.g. values of 1.50 
and 1.89 mg. (Table III), was notable and, we believe, clearly 
above the error of our experiments in samples taken 3 and 6 hours 
after the ingestion of the methionine. The highest values ob- 
served after oral administration were 3.95 (6 hours) and 3.74 mg. 
(12 hours). That the increases in cystine content were not related 
to changes occurring in the gastrointestinal canal was shown with 
Rabbit 10 (Table III) in an experiment in which the highest 
cystine value of the methionine series, 4.70 mg. per cent, was 
observed 3.5 hours after the subcutaneous injection of methionine. 
In contrast to the results after cystine, the increased cystine sulfur 
content of the ultrafiltrate did not account for a significant part 
of the increased organic sulfur. Thus, in the experiment with 
Rabbit 10 discussed above, the extra cystine sulfur was 1.25 
mg. per cent, while the extra organic sulfur was 7.27 mg. per cent. 
Similar results were observed in all experiments in which methi- 
onine was fed. This suggests that, in these instances, the extra 
organic sulfur of the plasma ultrafiltrates may be chiefly the sulfur 
of methionine or possibly of some partially oxidized derivative 
of the amino acid. 

The high values for organic sulfur which were believed to be due 
to the presence of methionine in the ultrafiltrates suggested the 
desirability of determining whether, under the conditions of our 
experiments, the presence of methionine would influence the 
estimation of the smal] amounts of cystine present. A sample of 
fasting rabbit blood was divided into two parts and to one was 
added methionine in an amount somewhat greater than was 
indicated by the increased organic sulfur of the ultrafiltrates in 
the feeding experiments. Plasma ultrafiltrates of the two por- 
tions showed on analysis 0.90 and 0.93 mg. per cent of cystine 
respectively. This indicates that the increased cystine values 
observed in our experiments with methionine are not due to the 
presence of unchanged methionine in the ultrafiltrates. 
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These experiments are believed to demonstrate that in the fast- 
ing rabbit methionine may be converted into cystine, a demon- 
stration in accord with and in further confirmation of the current 
belief that cystine may originate biologically from methionine 
(7-11). Particularly convincing are the experiments of Tarver 
and Schmidt (10) which were published after the completion of 
our experiments. It would be desirable actually to isolate the 
cystine rather than to depend upon a colorimetric reaction as 
evidence of the increased content of cystine in the plasma. Such 
isolation involves technical difficulties which are not easy to over- 
come, particularly when the amounts of cystine involved are as 
small as in these experiments. 

The cystine values obtained by us in plasma ultrafiltrates are 
lower than those reported by Krijgsman and Bouman (18) for 
rabbit blood, 10 and 5 mg. respectively 1 to 2 and 3 to 4 hours 
after the animals had received the gewéhnliches Griinfutter. No 
further details are presented. These values seem surprisingly 
high when compared with the increases observed by us after 
considerable amounts of cystine were fed. 

Since, after the administration of monobromobenzene, cystine 
is withdrawn from its normal metabolic path and the excretion 
of conjugated sulfate and mercapturic acid occurs, it was con- 
sidered of interest to determine the effect of the feeding of this 
halogen derivative of benzene on the sulfur partition of the plasma 
ultrafiltrates. Female white rats were fasted 24 hours and the 
blood was removed from the heart under ether anesthesia. The 
plasma ultrafiltrates of three control bloods (obtained from groups 
of four or five rats each) contained 0.11, 0.24, and 0.36 mg. per 
cent of conjugated sulfate sulfur and 0.92, 0.86, and 0.75 mg. per 
cent of cystine. Each rat of another group of five animals re- 
ceived a total of 0.5 cc. of monobromobenzene orally in divided 
doses over a period of 3 days, the animals receiving no food during 
the 24 hour period immediately preceding the collection of the 
blood sample. A second group of rats similarly received 1.0 ce. 
of the monobromobenzene. The conjugated sulfate sulfurs of 
plasma ultrafiltrates were 0.93 and 0.97 mg. per cent respectively 
and the values for cystine, 0.09 and 0.21 mg. per cent, values so 
low as to be beyond the limits of accuracy of the cystine determina- 
tion. The inorganic sulfate sulfur was within the normal range 
of values for ultrafiltrates of rat plasma. 
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SUMMARY 


The cystine content and sulfur distribution of ultrafiltrates of 
the plasma of rabbits which received /-cystine and dl-methionine 
orally and subcutaneously have been determined. Methionine 
appeared to be metabolized somewhat more slowly than cystine, 
as evidenced by the rate of increase of oxidized (sulfate) sulfur of 
the plasma ultrafiltrate after the administration of the two amino 
acids. 

After the administration, either orally or subcutaneously, 
of dl-methionine, the cystine content of the plasma ultrafiltrates, 
as determined by the application of the colorimetric reaction with 
naphthoquinonesulfonic acid, was increased above the control 
fasting level. This is in further confirmation of the belief that 
cystine may be synthesized from methionine in the living or- 
ganism. 
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The chemical method for adrenalin which best fulfils the require- 
ments for its determination in blood is that of Whitehorn (1) 
as modified by Shaw (2). For the isolation of adrenalin from the 
blood filtrate Whitehorn used silica which, however, does not give 
a clean separation and for which Shaw substituted aluminum 
hydroxide at about pH 8.5 which does adsorb the adrenalin 
completely. The determination of adrenalin in this method 
depends on the production by adrenalin of a blue color by the 
reduction of an arsenomolybdate reagent in strong acid solution. 
The amount of blue color is greatly increased by the presence of 
sulfite which, however, also increases the hazards of the method 
because of the difficulty of controlling the color produced by the 
sulfite itself. Increasing the concentration of sulfuric acid makes 
it possible to reduce the color of the blank to a minimum; but 
the sensitivity to adrenalin is also much reduced, so that for 
greatest sensitivity it is better to use a procedure which allows 
some color in the blank. The blue color is given by a variety of 
substances in blood which are only partly separated from adrenalin 
by the adsorption procedures used and the present work indicates 
that many of the figures given in the literature (3-5) for the 
adrenalin content of blood represent something else. 

In the application of Shaw’s procedure to the determination of 
adrenalin in blood the following difficulties were encountered. 
(a) In the first aluminum hydroxide adsorption of the blood fil- 
trate (acid adsorption) 1 drop of 1 N sulfuric acid, as directed by 
Shaw, was not found sufficient to prevent adsorption of adrenalin. 
It took 16 to 18 drops of acid and thereby much of the aluminum 
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hydroxide was dissolved. The hydroxide is a good buffer for 
either acid or alkali. (6) In the special enhancing treatment 
described by Shaw in which 0.35 cc. of 4 per cent sodium hydroxide 
and 2 cc. of water with 2 minutes heating are employed, the alu- 
minum hydroxide did not dissolve completely and the resulting 
increase of color was small and uncertain. Both these difficulties 
may possibly be accounted for by differences in the sample of 
alum used for preparation of the aluminum hydroxide, since 
Shaw’s directions for preparation of the hydrate were carefully 
followed. In the procedure as finally adopted both these steps 
were omitted. (c) 5 minutes heating did not give the maximum 
color, thus adding another factor of uncertainty. It was found 
by actual measurement of color development (see Fig. 2) that 
the color increased rapidly for 6 to 8 minutes and after that more 
slowly, so that a heating time of 10 minutes was used. Tietz, . 
Dornheggen, and Goldman (5), in regard to Shaw’s procedure, 
state, “We have reason to believe that the error in this method 
as carried out by us is great,’’ and others (personal communica- 
tions) have had difficulties with the procedure. Both Whitehorn 
and Shaw found that the control of the blank with sulfite was a 
serious difficulty in the method and in this we fully agree. The 
variability of the blank remains one of the major difficulties in 
the procedure. 

Correction for a variable blank color in the ordinary colori- 
metric matching is not easily made and we decided early that the 
photoelectric colorimeter, in which the color produced by the 
substance is automatically corrected by using the blank as the 
reference solution, offered the best solution of the difficulty. In 
addition the factors influencing the color in the blank have been 
studied and changes made, so that difficulty in this direction, 
while not entirely removed, has been considerably lessened. 
Changes in procedure have also increased its sensitivity, so that 
under good conditions amounts of 0.02 y of adrenalin can be meas- 
ured with an accuracy of about 5 per cent; that is, the presence 
of amounts of adrenalin as small as 0.001 y may be determined. 
The method, however, remains temperamental—a not unexpected 
finding considering the minute quantities of material measured— 
and calls for careful technique with close adherence to a rigid 
routine throughout the procedure. 
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The amount of adrenalin in normal blood is not known. Stew- 
art and Rogoff (6), on the basis of many determinations with 
the biological method of assay, found that the output of the 
adrenals in cats was about 0.3 to 0.8 y per kilo per minute, which 
when distributed in arterial blood on the basis of 80 ce. of blood 
per kilo of animal would amount to 0.004 to 0.01 y perce. Since 
adrenalin is rapidly removed by the tissues and perhaps also 
destroyed by the blood, the amount which reaches the venous 
system would be much smaller. Schlossman (7), also using 
biological methods, concluded that if present at all adrenalin 
must be in a concentration of less than 1 part in 1000 million or 
0.001 y per cc. Whitehorn (1) gives a value of 0.025 y per ce. 
for cat blood obtained at operation. Shaw (2) gives for rabbit 
blood 0.05 y per gm. and for man 0.016 y per gm. Sarfy (8) 
using Shaw’s procedure found in pigeon blood 0.06 to 0.08 y 
per cc. Tietz, Dornheggen, and Goldman (5) found values of 
about 0.2 y per cc. in human blood. Giordano and Zeglio (3), 
using a different method, report values from 1 to 4 y per cc. in 
human blood. In the present work, colors corresponding to 
values of 0.2 to 0.5 y per cc. of adrenalin were found in venous 
blood of dogs and humans. This material was, however, found 
to be stable to alkali under conditions in which adrenalin added to 
blood or to blood extract was completely destroyed. Blood ex- 
tracts to which adrenalin has been added, when treated with 
alkali, give the same or slightly higher values than does the ex- 
tract containing no adrenalin. This result leaves considerable 
doubt as to whether there is any adrenalin in venous blood or at 
any rate amounts greater than about 0.001 y per ce., which is the 
limit of measurement of the present method. 

Reagents—The reagents used are essentially those employed 
by Whitehorn and by Shaw. 

Arsenomolybdate reagent. Made by dissolving 120 gm. of 
crystalline sodium molybdate and 20 gm. of crystalline sodium 
arsenate in 500 cc. of hot water, filtering, cooling, and making up 
to 1000 cc. 10 cc. of bromine water and 80 cc. of concentrated 
sulfuric acid are then added. The solution so prepared is un- 
stable, gradually acquires a bluish color, and increases in sensi- 
tivity to adrenalin and sulfite until finally it will no longer dis- 
tinguish between different amounts of material. Protecting it 
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from light by keeping the solution in a brown bottle greatly slows 
the change and, if spoiled, the solution may be made useful again 
by the cautious addition of bromine water. The change in 
sensitivity is rapid at first, so that if the reagent is used before it 
is 2 weeks old calibration curves must be adjusted frequently; 
after that, calibration once a week is necessary. 

Sulfurie acid. Four concentrations are used: (a) 1 part of 
concentrated sulfuric acid to 1 part of water by volume, (6) 
1 wn sulfuric acid, (c) 0.4 N sulfuric acid, and (d) concentrated 
sulfuric acid. 

Sodium sulfite. A cold, saturated solution made by adding 10 
gm. of powdered sodium sulfite (Na2SO3) to 25 ec. of boiling water 
and allowing to cool with occasional shaking. This solution is 
made fresh each day. 

Acid digestion mixture. 5 cc. of the cold, saturated sodium 
sulfite solution are measured into a 200 cc. Florence flask, 25 cc. of 
the 1:1 sulfuric acid are added, and the whole well mixed. This 
solution is made fresh for each set of determinations. It is a 
disagreeable, fuming mixture and must be handled with care. 

Sodium hydrate. Approximately 1 N sodium hydroxide. As 
ordinarily prepared it contains suspended matter (silica?) which 
affects the color, especially noticeable in the blank, so that the 
sample must be allowed to stand for several days or be centrifuged 
for each day’s use and only the clear liquid used. Also, because 
of its effect on the burette from which it is measured, this instru- 
ment must be rinsed out with the solution before use. Impurities 
in the alkali appear to be an important and perhaps the main 
factor producing variability in the blanks. 

6 n sodium hydroxide (approximately) made by dissolving 
solid sodium hydroxide in water. 

Aluminum hydrate. 100 gm. of potassium aluminum sulfate 
dissolved in 800 ce. of hot water, filtered, and cooled to 20°. 
20 gm. of sodium hydroxide are dissolved in 80 cc. of water, cooled 
to 20°, and added slowly to the alum solution with continuous 
stirring. After addition of the alkali, the mixture is well shaken 
to insure even composition of the hydrate, and then filtered on a 
Buchner funnel through hardened filter paper. The precipitate 
is suspended in 800 cc. of distilled water and filtered. The process 
of washing is repeated twice more, after which the precipitate is 
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suspended in 400 cc. of water for use, giving a suspension which 
just does not separate a watery layer and flows freely from a pipette. 
The suspension has a pH of about 5.3. Care should be taken to 
avoid getting fibers of filter paper into the suspension. The 
pipette should be washed free of hydrate after each set of de- 
terminations. 

Adrenalin standard. Made by dissolving 50 mg. of adrenalin 
chloride! and 1.25 mg. of alanine in 0.4 N sulfuric acid to make 50 
ec. The first dilution is made by mixing 1 cc. of this standard with 
0.4 n sulfuric acid and 2.5 mg. of alanine and making up to 100 
ec. (1 cc. = 10 y of adrenalin). These two solutions kept in the 
refrigerator are good for several months. A dilution of 10 ce. 
of the second solution plus 2.5 mg. of alanine made up to 100 ce. 
with 0.4 N sulfuric acid (1 ce. = 1 y of adrenalin) and a second 
1:10 dilution without alanine (1 cc. = 0.1 y of adrenalin) are kept 
in the laboratory. The first of these laboratory solutions must 
be renewed each month (oftener in hot weather) and the final 
dilution every week. 

Phenolphthalein. 100 mg. in 100 cc. of 0.01 N sodium hy- 
droxide; renewed each week. 


Procedure 


5 ec. of blood drawn from the vein are run at once into 20 ce. 
of 10 per cent trichloroacetic acid in a 50 ec. conical centrifuge 
tube. After thorough mixing, the material is centrifuged for 5 
minutes at about 1000 r.p.m. and the clear fluid poured through 
a filter into a test-tube or other container. 

For determination, 1 cc. of the extract (containing the equiva- 
lent of about 0.4 y of adrenalin) is measured into a small centrifuge 
tube (16 X 105 mm.), 1 cc. of 0.4 N sulfuric acid and 2 drops of 
the phenolphthalein solution added, and the mixture titrated with 
1 nN sodium hydroxide to a faint pink color. 2 cc. of the well 
mixed aluminum hydroxide suspension are added and the mixture 
again neutralized to a faint pink color, after which the material 
is well shaken (it should now have only the faintest perceptible 
pink tint), allowed to stand for 5 minutes, and centrifuged for 
5 minutes at about 2000 r.p.m. The supernatant fluid is poured 


! Kindly supplied by Parke, Davis and Company. 
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off, the tubes drained, and the liquid completely removed from 
the end of the inverted tube with absorbent paper (the amount of 
water in the reaction mixture is important). 2 cc. of the arseno- 
molybdate reagent are added and the precipitate well mixed with 
it. The mixture is set in boiling water for 5 minutes and then to 
the clear solution are added 3 cc. of the acid digestion mixture of 
1:1 sulfuric acid and sodium sulfite and the digestion in the boiling 
water continued for 10 minutes, after which the tube is set in ice 
water (with an excess of ice) for 15 minutes. The solution is then 
diluted to 40 ce. and the color measured in 10 ec. of this dilution. 
A blank determination on the reagents alone is run along with 
the samples. Determinations are carried out in quadruplicate 
and the average taken as the value. It is emphasized that 
measurements of time and volume must be exact and the routine 
strictly adhered to. 

Colorimeter—The measurement of the color was made by a 
photoelectric colorimeter which was an adaptation of that de- 
scribed by Eddy and DeEds (9). The modifications consisted in 
(1) the use of the Evelyn (10) light system employing a flashlight 
bulb, focusing device, and a 6 volt storage battery; (2) slots in 
the inside of the box carrying bakelite plates fitting into the slots, 
holding in order from below (a) the light system, (b) the filter 
(Corning, Signal Red), (c) a sliding cup carrier, working between 
guides and controlled from outside the box by a short rod, with 
places for two colorimeter cups (or a block suitably perforated to 
carry a small test-tube), and (d) the barrier layer photoelectric 
cell connected with a galvanometer. 

Readings—The colored solution, after the 15 minutes chilling, 
was diluted to 40 cc. and 10 ec. were measured into a colorimeter 
cup. The blank solution was similarly diluted and 10 cc. measured 
into another colorimeter cup matched to the first one or adjusted 
to it. The cups were placed in the colorimeter, the cup with the 
blank solution in the left-hand position. With the blank cup in 
the path of light, adjustments of the rheostats on the light circuit 
were made until the indicator on the galvanometer read some 
convenient figure, ordinarily 20 (200 divisions) or its equivalent 
to match 20 on the other cup. The cup with the unknown was 
then moved into position and the reading taken. The difference 
between the 200 reading of the blank and the reading of the un- 
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known represents the light absorption of the latter. Its value in 
terms of adrenalin was then read off the calibration curve (see 
Fig. 1) and by calculation the value of the original sample was 
determined. In this way, correction for the blank was made 
automatically. The amount of colored solution used for the 
reading contained one-fourth of the total color obtained from 1 
ec. of extract, which was one twenty-fifth of the amount from 
5c. of blood. The values obtained were then multiplied by 100 
to obtain the value for 5 cc. of blood. From this it may be seen 
that if desirable much smaller amounts of blood may be used. 
Calibration Curve—A calibration curve was made as follows: 
Samples of standard adrenalin solution containing from 0.4 to 
1.27 were measured into th® round bottom centrifuge tubes used in 
the method; 1 cc. of the 10 per cent trichloroacetic acid and 2 drops 
of the phenolphthalein were added and the neutralization, ad- 
sorption on aluminum hydroxide, color development, and readings 
carried out exactly as described. The galvanometer readings 
obtained were subtracted from 200 and the values of light ab- 
sorption plotted against adrenalin values, as in Fig. 1. Since the 
colored solution was diluted to one-fourth its volume, the values 
plotted are one-fourth of those of the samples taken. 
Development of the Color—In order to determine the optimum 
time of heating in boiling water for the development of the char- 
acteristic color, experiments were made as follows, with the test- 
tube adapter in the photoelectric colorimeter. A sample of 
adrenalin solution of known content was carried through the 
regular procedure to the end of the 5 minute heating with the 
arsenomolybdate reagent. The 1:1 sulfuric acid was then added, 
and the whole well mixed and placed in the photoelectric colorim- 
eter which was then adjusted to a convenient value, ordinarily 
200 scale divisions on the galvanometer. The tube containing the 
mixture was then set in the boiling water and at intervals of 2 
minutes thereafter removed and readings made. A blank of 
the reagents was similarly treated throughout. Characteristic 
results in the form of curves are shown in Fig. 2, from which it 
is seen that the rate of color development is rapid at first, the 
maximum color and the maximum difference between blank and 
test coming at about 6 to 8 minutes. After that the increase in 
color was slow and was about equal in the test and in the blank 
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up to 18 minutes. The time selected for the color development 
was therefore 10 minutes. 

Placing the tubes in ice water for 15 minutes increases the depth 
of color and the amount of increase of color appears to depend con- 
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Fie. 1. Calibration curve; units of light absorption by micrograms of 
adrenalin. 


siderably on the temperature of the cooling water, hence the need 
of keeping ice in the water during the cooling period. 

Effect of Alkali—Alkali destroys adrenalin, while it has no (or a 
slight enhancing) effect on the other substances present in blood 
which give color in this reaction. The test is carried out as 
follows: The procedure as outlined above is carried to the stage 
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of draining the supernatant liquid from the aluminum hydroxide 
after the centrifugation. To the centrifuged precipitate in the 
tube is added enough 6 N alkali just to dissolve it, generally 5 
to6 drops. Solution is aided by stirring with a glass rod and the 
tube with the dissolved material is immersed in boiling water for 
3 minutes, cooled by a short immersion in ice water, and made just 
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Fig. 2. Development of color with time by adrenalin on acid arseno- 
molybdate in boiling water (99°). 
acid (to phenolphthalein) with concentrated sulfuric acid. These 
strong solutions are used to keep down the volume of water, which 
strongly affects the color production. After neutralization, 
which results in a white salty mass, the 2 cc. of arsenomolybdate 
reagent are added, the mixture heated for 5 minutes, and the color 
production carried out as before. In known adrenalin solutions 
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the alkali treatment reduces the color production to that of the 
blank. The color production of blood extracts is increased about 
10 per cent by the alkali treatment and is the same whether 
adrenalin was present or not. The alkali treatment of blood 
extracts thus serves to distinguish adrenalin from the other sub- 
stances which give the color under the conditions of the de- 
termination. 

The demonstration of adrenalin in blood thus requires two 
determinations, one with and one without the use of alkali. If 
the result with alkali is higher than that without, adrenalin is 
absent from the sample. If it is lower, then the amount of 
adrenalin present is the difference between the two values cor- 
rected by the 10 per cent by which the values for the blood re- 
ducing substances are elevated by the alkali treatment. Up to 
the present it has not been possible to demonstrate adrenalin in 
either dog or human venous blood. 

By the procedure described amounts of adrenalin of 0.015 to 
0.25 y can be measured with an accuracy of about 5 per cent; 
i.e., amounts of adrenalin as small as 0.001 y or 1 part in 1000 
million of solution will be shown. 

To obtain this sensitivity and accuracy, it is necessary that 
quantitative care be taken at every step in the procedure and if 
departures from the directions given for time and amount are 
made it should be only after one has made sure that the changes 
do not affect the values. 


Results 


Recovery of adrenalin added to trichloroacetic acid extracts of 
blood was found to be practically complete (95 per cent or better), 
as reported by Shaw. Shaw also stated that recovery from blood, 
while good, was not complete. By the present procedure re- 
covery of adrenalin added to freshly drawn dog blood was found 
to be as complete as from blood extracts. Experiments were 
made as follows: A known amount of a standard adrenalin solu- 
tion in 0.4 n sulfuric acid (from 0.7 to 2.0 y) was measured into a 
small test-tube, a drop of the aqueous phenolphthalein solution 
added, and the mixture titrated just to alkalinity with 1 Nn sodium 
hydroxide. 1 N sulfuric acid was immediately added to bring the 
mixture to faint acidity. A blank solution containing the same 
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amount of acid without adrenalin was similarly treated. About 
12 ec. of blood were drawn from the jugular vein of a dog and 5 
ec. samples measured at once into the two test-tubes. After 
mixing, the blood was decanted into 50 cc. conical centrifuge 
tubes containing 25 cc. of 10 per cent trichloroacetic acid and 
mixed; the test-tubes were rinsed out, the mixture was well 


Taste I 
Recovery of Adrenalin from Blood* 








Dog No. Adrenalin added Adrenalin recovered 
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* The adrenalin values decrease on standing. Thus, in Dog 38-346 above 
(immediate recovery of 93 per cent), the recovery 3 hours later was 55 per 
cent and 35 per cent the next day. 


shaken, centrifuged, and the clear filtrate used as in the procedure 
described above. Recovery is shown in Table I. 

The adrenalin-like reducing substances in blood were determined 
for a number of dogs and a few humans. The values obtained 
varied from 0.24 to 0.36 y per cc. in both. This substance is both 
acid- and alkali-stable. Tests made on human urine showed the 
presence of a substance which behaved similarly to the reducing 
substance in blood and was present in about 10 times the concen- 
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tration found in blood. It was alkali-stable and was not affected 
by hydrolysis with sulfuric acid. 

The method has been applied to the determination of adrenalin 
in commercial samples with the following results, expressed in 


mg. per cc. 
Manufacturer No. Sample No. Found Claimed 
I I 1.10 1.0 
I II 1.00 1.0 
I III 1.06 1.0 
II I 0.87 1.0 


Samples I and II of Manufacturer I kept in cork-stoppered bottles 
for about a year were found to be brownish in color and to have 
values of 0.72 mg. per cc. (Sample I) and 0.7 mg. per cc. (Sample 
II). 

Recovery of adrenalin injected directly into the circulation has 
been tried a few times. After a control blood sample was taken 
from a dog, a known dose of adrenalin, 0.25 to 0.8mg., was injected 
into the jugular vein of one side and samples were taken at in- 
tervals from the vein on the other side. Measured quantities of 
the blood were run at once into 4 volumes of 10 per cent tri- 
chloroacetic acid, mixed by shaking, centrifuged, and determina- 
tions made on the filtrate. The difference in values between 
the control and the sample was taken as representing adrenalin, 
an assumption which was supported by the fact that alkalization 
of control and sample gave in all cases the same values. 

A typical experiment was as follows: 0.77 mg. of adrenalin 
(48 y per kilo of body weight) was given; preliminary control 
sample 0.208 y per cc.; 1 minute after injection 0.546 y per cc.; 
10 minutes after injection 0.377 y per cc.; 20 minutes after in- 
jection 0.213 y per cc. 

If 80 ce. of blood per kilo of animal (a total of 1520 cc.) is 
allowed, the amount of adrenalin present in the blood was 0.514 
mg. or 66 per cent of the dose 1 minute after injection, 0.257 
mg. or 33 per cent of the dose 10 minutes after injection, and a 
trace 20 minutes after injection. 


SUMMARY 

A procedure is described for the determination of adrenalin in 

blood by which amounts of 0.02 y can be measured with an ac- 
curacy of about 5 per cent. 














W. R. Bloor and 8. 8. Bullen 739 


A means is provided for distinguishing adrenalin from other 
similarly reacting substances in blood. 

With this method, it was found that, if present at all, the adren- 
alin content of venous blood of man and dog is less than 0.001 
y per cc. or 1 part in 1000 million. 

The substances in blood which react similarly to adrenalin are 
present in amounts of about 0.25 y per ce. 
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Several plant viruses have been isolated in the form of char- 
acteristic nucleoproteins of high molecular weight (1-5). The 
properties of many of these have been determined and compared, 
but with few exceptions (6, 7) analytical data have been limited 
to elementary analyses and to determinations of the amount and 
kind of nucleic acid present. Comparatively little is known of the 
protein components which comprise the greater part of the virus 
molecules. A better understanding of the chemical structure that 
imparts to viruses the ability to reproduce and to mutate, proper- 
ties also characteristic of accepted living organisms, would obtain 
if the components of which the different viruses are built were 
known. It is important to know the number and kind of reactive 
groups present in different types of virus molecules, the manner in 
which viruses resemble one another in composition and how they 
differ, and the respects in which they differ from other proteins. 
Since many viruses mutate, giving rise to strains which are closely 
related proteins, analytical data on such proteins might relate 
changes in biological, chemical, serological, and physical proper- 
ties to changes in composition. It is possible that specificity of 
host range (8) may be explained by the ability or inability of a 
particular species of plant to provide certain amino acids required 
by a given virus. In this paper are reported some of the analyses 
for amino acids that have been made on tobacco mosaic virus 
protein. While a complete analysis of the protein component 
has not been obtained, a fair proportion of the molecule has been 
accounted for and some information concerning the nature of the 
remainder has been obtained. It is recognized that some of the 
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values presented may differ somewhat from values that may be 
obtained in the future by improved methods (9). However, the 
data make possible a comparison with other proteins at the present 
time, and it is hoped that they will constitute a basis for a com- 
parative examination of other strains of this virus and of other 
viruses. A preliminary report of part of this work has previously 
(10) been given. 


EXPERIMENTAL 


Preparation of Material—The preparations previously described 
(6) were used in most instances, although during a part of the work 
additional samples were prepared by the same methods. All 
preparations were dried to a moisture content of about 8 per cent 
by freezing and drying in vacuo. All determinations were based 
on samples dried to constant weight at 110°. Unless otherwise 
specified, a Goudsmit-Summerson photoelectric colorimeter manu- 
factured by the Klett Manufacturing Company, Inc., was used. 

Tyrosine and Tryptophane—The Folin-Marenzi (11) method 
was found unsatisfactory, for cloudy solutions were obtained. 
Lugg’s (12) modification of the method gave reproducible results. 
Virus samples weighing 200 to 300 mg. were hydrolyzed as de- 
scribed by Bailey (13) and aliquots containing 1 to 2 mg. of tyro- 
sine were taken for comparison. A few determinations were made 
by means of Bernhart’s (14) micromethod for tyrosine and Shaw 
and McFarlane’s (15) glyoxylic acid method for tryptophane. 
In the last named method, 50 mg. of virus were dissolved in 1 ce. 
of 20 per cent sodium hydroxide. This solution was made to 25 ce. 
and an aliquot portion removed for color development and com- 
parison with a tryptophane standard. In the Bernhart and gly- 
oxylic acid methods, a Klett-Summerson photoelectric colorimeter 
with a green filter was used. The results are presented in Table I. 
A tyrosine content of 3.9 per cent was indicated by both methods. 
In the case of tryptophane, a given method gave reproducible 
results, but the Folin-Marenzi-Lugg method gave lower results 
than did the other procedure. The discrepancy may be due to 
losses during hydrolysis, to the fact that the color fades quite 
rapidly, or to the presence of an interfering substance in this 
particular protein. Shaw and McFarlane consider that trypto- 
phane combined in a protein gives the same amount of color as 
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does the free acid, but it is possible that in some combinations the 
color formation may be enhanced. However, for the present, the 
higher value of 4.5 per cent will be regarded as more nearly correct. 

Arginine—Arginine was determined by Weber’s (16) modifica- 
tion of the Sakaguchi (17) reaction. The protein was hydrolyzed 
by boiling for 20 hours with 20 per cent HCl; humin was removed 
by filtration and then well washed. Aliquot portions of the com- 
bined filtrate and washings were diluted and aliquots containing 


Taste I 
Tyrosine and Tryptophane Content of Tobacco Mosaic Virus 





Amount in virus* 











Amino acid Method 
Sample It | Sample 2} | Sample 3t 

Tyrosine Folin-Marenzi-Lugg | 3.9 | 3.9 
| 3.9 | 3.9 
| | 3.7 | 3.8 

| Bernhart’s micromethod | 3.8§ | 3.9§ 3.9§ 

| | 3.8 3.8 3.9 
Tryptophane| Folin-Marenzi-Lugg | 1.9 2.0 
2.1 2.0 
2.0 2.1 

Glyoxylic acid method 4.6§ 4.5§ 4.4§ 

4.5 4.5 4.5 











* The figures in these columns are the averages of two or more analyses 
of a hydrolysate or solution. 

t Ultracentrifugally isolated. 

t Chemically isolated. 

§ Dr. C. A. Knight of this laboratory has recently obtained similar 
results with these and with other samples of tobacco mosaic virus. 


0.004 to 0.01 mg. of arginine were taken for the determinations. 
The results, which are presented in Table II, indicate an arginine 
content of 9.0 per cent. Arginine was precipitated from other 
hydrolysates by the method of Van Slyke (18) and the precipitate 
dissolved in dilute alkali. Aliquot portions of this were taken for 
analysis. The remainder was freed of phosphotungstic acid by 
the method of Van Slyke and the resulting solution also analyzed 
for arginine. The results were only slightly lower than those 
obtained with the diluted hydrolysates. The value here reported 
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has also been confirmed by the isolation of arginine by means of 
flavianic acid. The details will appear in a later paper. 
Histidine—The fractions described above that were used for 
arginine determinations were also used for tests for histidine. 
Jorpes’ (19) modification of the Pauly (20) reaction and the Kapel- 
ler-Adler (21) test as modified by Woolley and Peterson (22) both 
gave negative results with one exception. In that one case, suffi- 
cient tyrosine was found to be present to give the test. An amount 








Tasie II 
Arginine and Histidine Content of Tobacco Mosaic Virus 
Amino ecid | Method Fraction used for determination ry 
— 
Arginine | Sakaguchi- Acid hydrolysate diluted | 9.0 
Weber | ol 
9.1f 
9.1f 
Phosphotungstic acid ppt. 8.9 
Decomposed phosphotungstic | 8.9 
acid ppt. 
Histidine | Pauly-Jorpes Phosphotungstic acid ppt. 0.0 
0.04 
Decomposed phosphotungstic | 0.0 
acid ppt. Tracet 
Modified Kapel- = ~ 0.0 
ler-Adler 














* Each figure in this column is the average of two or more determinations. 

t An ultracentrifugally isolated sample was used for analysis. In all 
other cases, a chemically isolated sample was used. 

t Probably due to the presence of a trace of tyrosine. 


of histidine equivalent to less than 0.1 per cent of the protein 
could be recovered when added to the fractions. Hence, it appears 
that histidine is not present in the tobacco mosaic virus molecule. 

Phenylalanine—Phenylalanine was determined by Block’s (23) 
modification of the Kapeller-Adler (24) reaction. The test was 
applied directly to acid hydrolysates and also to the monoamino 
acid fraction obtained by the Van Slyke (18) procedure. The 
two methods gave somewhat different values, as may be seen in 
Table III. The values are probably only approximations, for the 
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intensity of color development is influenced by other amino acids. 
Block added glycine to standards, a procedure which caused en- 
hanced color development. In the present work, the addition of 
leucine resulted in an inhibition of color formation. The values 
reported were obtained with controls to which no amino acid other 
than phenylalanine was added. 

Serine—Samples of the virus protein were hydrolyzed by boiling 
with 20 per cent HCl for 20 hours. The excess HC! was removed 














Tasie III 
Determination of Some Amino Acids in Tobacco Mosaic Virus 

Aminoacid | Method Fraction used for determination _—- 
oon * per cent 

Phenylalanine | Block | H.80, hydrolysate 6.6 

6.7T 

Van Slyke monoamino | 5.6 

acid fraction 





Serine Rapoport } " | 6.4 
| 6.5t 

5.7 
Glycine o-Phthalaldehyde | Acid hydrolysate None 


a ce ae 


Potassium trioxal- | 
atochromiate 
} 
| 








Threonine Block-Bolling 4 “ 5.2t 
| 6.2 
4.6 
Proline Bergmann’s solu- - 7 | 4.67 
bility method | 4.66t 





*Each figure in this column represents the average of two or more 
analyses of a hydrolysate. 

+ Ultracentrifugally isolated sample. All others were chemically 
isolated. 


from the hydrolysates by repeated evaporation under reduced 
pressure. The basic amino acids were removed by precipitation 
with phosphotungstic acid (18) and the dicarboxylic acids by the 
method of Jones and Moeller (25). The solutions were freed of 
barium, then analyzed for serine by the method of Rapoport (26) 
in which serine is deaminated, and then condensed with naphtho- 
resorcinol. The results indicate that the protein is unusually 
rich in serine; if the method is assumed to be accurate and glycine 
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is in fact not present, the presence of about 6.4 per cent serine is 
suggested. 

Glycine—The o-phthalaldehyde reaction of Zimmermann (27) 
was used for the estimation of glycine. The protein was hydro- 
lyzed and the test applied as described by Patton (28). No chloro- 
form-soluble color developed, although the test was repeated 
several times. When an amount of glycine equivalent to less than 
0.5 per cent of the protein was added to the hydrolysate, a chloro- 
form-soluble color resulted, but it did not exactly match the 
standard. The results are indicative, but not proof, of the absence 
of glycine in the virus protein. 

Potassium trioxalatochromiate was also used in several attempts 
to precipitate glycine by the method described by Bergmann and 
Fox (29). Ina typical experiment, 9.8 gm. of chemically isolated 
protein were hydrolyzed by boiling 20 hours with 20 per cent HCl. 
The hydrolysate was freed of excess HCl by repeated evaporations 
under reduced pressure, then adjusted to pH 2 with silver oxide. 
The silver chloride was washed with hot water and the combined 
washings and filtrate concentrated to 26 cc. To this, 6.2 cc. of 
10 per cent HCl, 2 gm. of potassium trioxalatochromiate, and 46 
cc. of absolute alcohol were added. The mixture was shaken for 
8 hours, then placed in a cold room overnight. The precipitate, 
when collected on a filter, washed with a cold 3:1 mixture of 
absolute alcohol and 0.5 n HCl, and dried in air, weighed 0.7397 
gm. However, it contained but 0.14 per cent amino nitrogen, 
corresponding to less than 0.1 per cent glycine in the protein. 
Under comparable conditions, 78 per cent recovery was obtained 
with 100 mg. of glycine. The experiment was repeated several 
times, with smaller amounts of the reagent as well as different 
concentrations of hydrolysate, and similar results were obtained. 
The amount of amino nitrogen in the precipitate was always quite 
low; hence it seems probable that it was due to small quantities 
of other amino acids adsorbed on the excess reagent that precipi- 
tated. When a quantity of glycine equivalent to about 1 per cent 
of the protein was added to a hydrolysate, most of it could be 
recovered. The data indicate that glycine is not present in the 
virus protein. 

Threonine—Threonine was determined by the method of Block 
and Bolling (30). Considerable variation in results was encoun- 
tered, as may be seen in Table III. The values obtained are 
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probably a rough estimate of the amount of threonine in this 
protein, but it is possible that acetaldehyde may have arisen from 
other sources. 

Hydroxyproline and Proline—The reaction for hydroxyproline 
was applied according to the directions of McFarlane and Guest 
(31), except that hydrolysis was accomplished by boiling for 20 
hours with 20 per cent HCl. Negative results were obtained in 
all cases with both chemically and ultracentrifugally isolated 
samples. However, when hydroxyproline was added to the hy- 
drolysates, the test was still negative. The procedure was varied 
in many ways and a partial separation of hydroxyproline from 
other amino acids was made, but the results were invariably nega- 
tive. Hence, this test is not applicable to tobacco mosaic virus 
hydrolysates. Proline was determined by the method of Guest 
(32), with hydrolysates prepared for the hydroxyproline tests. 
The results indicated about 8 per cent proline. However, this 
value is higher than that obtained by other means, and since 
hydroxyproline also gives a positive test, it appears probable that 
the latter amino acid is present in the virus molecule. 

Bergmann and Stein’s (33) solubility method was also utilized 
in the determination of proline. In one experiment, 11.48 gm. 
of the chemically isolated virus were hydrolyzed by boiling 18 
hours with 20 per cent HCl. The hydrolysate was freed of excess 
HCl and decolorized as described by Bergmann and Stein. It was 
then concentrated under reduced pressure, 1 ce. of concentrated 
HCl was added, and the solution adjusted to 100 cc. 20 ec. por- 
tions of methyl] alcohol containing 0.3584, 0.4578, and 0.5824 gm., 
respectively, of ammonium rhodanilate' were added to three 
separate samples each of 32 cc. of the hydrolysate. The flasks 
were stoppered, allowed to stand 16 hours at 0°, then shaken for 
4 hours at 4°, and again allowed to stand for 24 hours at 0°. The 
precipitates were collected by filtration at 0° on sintered glass 
funnels, washed with 4 ce. of ice-cold water, and then dried in air 
and finally to constant weight over CaCl, and NaOH. When 
calculated by the method of Bergmann and Stein, values of 4.74, 
4.64, and 4.64 per cent, average 4.67 per cent, were obtained. The 
results from a similar experiment averaged 4.66 per cent. 


' The reagent was prepared as described by Bergmann (34) and repuri- 
fied before use by the method of Bergmann and Stein (33). 














748 Amino Acids in Tobacco Mosaic Virus 


DISCUSSION 


The significance of amino acid analyses is dependent, of course, 
upon the purity of the protein. The fact that no differences were 
detected between the chemically isolated samples and those iso- 
lated by means of the ultracentrifuge indicates that the samples 
were essentially pure. If significant quantities of impurities were 
present in one type of sample, it seems probable that the same 
kind and quantity would not be contained in a sample isolated 
by an entirely different method. Furthermore, considerable evi- 
dence has accumulated indicating that ultracentrifugally isolated 
virus protein approaches a high degree of homogeneity and con- 
tains no significant quantities of impurities. 

Since the tobacco mosaic virus molecule has a molecular weight 
of about 43 million (35), there is little to be gained by calculating 
the frequencies of the amino acid distribution by the method of 
Bergmann and Niemann (36). The suggestion has been made 
by Astbury (37) that the virus may be made up of uniform sub- 
units. If this is true, the smallest possible uniform unit, based 
on a cysteine content of 0.68 per cent (6), would correspond to a 
molecular weight of about 17,800, a unit considerably larger than 
that suggested by Astbury. Of the several determinations re- 
ported in this paper, those for arginine, tryptophane (glyoxylic 
acid method), and for tyrosine gave results in fair agreement with 
Bergmann and Niemann’s hypothesis based on the above subunit. 


SUMMARY 


Tobacco mosaic virus has been found to contain 3.9 per cent 
tyrosine, 4.5 per cent tryptophane, 4.7 per cent proline, 9.0 per 
cent arginine, 6.7 per cent phenylalanine, 6.4 per cent serine, and 
about 5.3 per cent threonine. Glycine and histidine appear to be 
absent. No differences were noted between chemically isolated 
samples and those isolated by means of the ultracentrifuge. 
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“COUPLING” OF PHOSPHORYLATION WITH OXIDATION 
OF PYRUVIC ACID IN BRAIN* 
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An analysis of the dialyzable components of the pyruvic acid 
oxidation system of brain showed that in addition to cocarboxylase 
(thiamine pyrophosphate) (2), a C, dicarboxylic acid (2), and mag- 
nesium or manganese ions (3), both inorganic phosphate and “‘ade- 
nine nucleotide” (adenylic acid, adenosine triphosphate) (4) are 
required. The latter observation suggested that a cycle of phos- 
phorylation is involved in the enzymatic oxidation of pyruvate by 
animal tissues. With acetone-dried preparations of Bacillus 
delbriickit Lipmann had found that dehydrogenation of pyruvic 
acid required both cocarboxylase and inorganic phosphate and 
that, upon addition of adenylic acid, inorganic phosphate dis- 
appeared with an equivalent formation of adenosine polyphosphate 
(5). The two lines of research show that phosphorylation proces- 
ses take a part in the enzymatic oxidation of pyruvic acid gener- 
ally. The present research was undertaken to study the relation- 
ship between phosphorylation and oxidation of pyruvate in brain. 

Though esterification of inorganic phosphate with either adeny- 
lic acid or creatine accompanies oxidation of pyruvate in brain 
preparations, its direct demonstration is difficult owing to the 
presence of adenosine triphosphatase (4). Esterification may be 
demonstrated, however, if in the presence of catalytic amounts 
of adenylic acid either hexose monophosphate or glucose is used 
as phosphate acceptor (1). Aerobic phosphorylation of glucose, 
and of other P acceptors, has been investigated by Kalckar in 
kidney preparations (6, 7), and more recently by Colowick, Welch, 


* Preliminary report (1). 
t Present address, Department of Pharmacology, Washington University 
School of Medicine, St. Louis. 
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and Cori (8). This phosphorylation, which did not seem to in- 
volve a participation of the adenylic acid system, was believed to 
be coupled either with the oxidation of a number of substrates 
not including pyruvate (6), or with that of a dicarboxylic (prob- 
ably succinic) acid (8). Colowick et al. (8) also found that oxi- 
dation of pyruvic acid catalyzed by C, dicarboxylic acids produced 
phosphorylation of glucose in kidney extracts. 

I have found that no more than half of the esterification of in- 
organic phosphate with either hexose monophosphate or glucose, 
occurring in brain dispersions when pyruvate is oxidized (with 
fumarate as catalyst), can be related to oxidation of a dicarbox- 
ylic acid; the rest is connected with oxidation of pyruvate itself. 
Evidence has also been obtained to support the view that oxidation 
of pyruvate is connected with phosphorylation of adenylic acid to 
adenosine polyphosphate which transfers its labile phosphate 
groups to either hexose monophosphate or glucose with formation 
of hexose diphosphate. 


EXPERIMENTAL 
Methods 


Pigeons, either normal or vitamin B,-deficient, were used 
throughout this work. Brain dispersions were prepared and 
dialyzed at 0-3° as previously described (2). In most cases 1.5 
ec. of the dialyzed enzyme' were measured into ice-cold Warburg 
bottles containing the remaining additions to make a volume of 
2.2 to 2.5 ec. Additions always included Na,HPO,-KH,PO, 
buffer, pH 7.3, and Mg** as MgCl. In all cases the reaction 
mixtures were deproteinized when required by tipping in 0.2 ce, 
of 40 per cent trichloroacetic acid from the side bulbs. The 
trichloroacetic acid mixtures were centrifuged, and aliquots of the 
clear centrifugate were used for the various estimations. 

Orthophosphate was determined colorimetrically, as in previous 
experiments (4), and the various phosphate ester fractions after 
conversion to orthophosphate by the methods developed by the 
Meyerhof school. In a few experiments bisulfite-binding sub- 
stances were estimated by the method of Clift and Cook (9), and 
the results expressed as pyruvic acid after correction for the 
triose phosphate present. Fructose was also determined in some 


1 Equivalent to approximately 300 mg. of fresh brain. 
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cases by Roe’s modification (10) of Seliwanoff’s method; a solu- 
tion of the sodium salt of fructose-1,6-diphosphate (concentration 
checked by P estimation) wus used as standard, and the results 
were expressed in terms of hexose diphosphate P. 

Freshly made up solutions of crystalline sodium pyruvate were 
used as in previous work (4). Cocarboxylase was a synthetic 
specimen (65 per cent purity) kindly supplied by Merck and Com- 
pany, Inc. Hexose monophosphate was prepared in this labora- 
tory, by Mr. L. A. Stocken, by the method of Smythe (11),? and 
phosphoglycerate from yeast extract by the method of Vercellone 
and Neuberg (12). Phosphopyruvate was a synthetic specimen 
kindly supplied by Professor O. Meyerhof. All other substances 
were commercial preparations. The barium salts were converted 
into the sodium salts before use. 


Phosphorylation of Adenylic Acid and Creatine 


When dialyzed brain dispersions are incubated aerobically 
with phosphate, magnesium, fluoride, and a few mg. of either 
adenylic acid or creatine, no change in the concentration of inor- 
ganic phosphate takes place, but a small disappearance is ob- 
served when pyruvate and fumarate are also added. This dis- 
appearance is accompanied by an approximately equivalent 
formation of easily hydrolyzed phosphate (7 minutes at 100° in 
1.0 xn HCl) when the P acceptor is adenylic acid, or phospho- 
creatine when creatine (in the presence of catalytic amounts of 
adenylic acid) is the P acceptor (Table I). The experiments of 
Table I were carried out by shaking the samples in air, at 28°, in 
conical flasks of 50 cc. capacity. At various times the mixtures 
were deproteinized with 2.5 cc. of ice-cold 5 per cent trichloro- 
acetic acid, cooled in ice for a few minutes, and filtered. For the 
phosphocreatine estimations aliquots of the filtrate were im- 
mediately treated with ice-cold alkaline magnesia mixture to 
precipitate the true inorganic phosphate. 

It will be observed (Table I, Experiment 3) that in the absence 
of fluoride the esterification is significantly smaller. The effect 
of fluoride will be discussed later in connection with the phos- 
phorylation of hexose monophosphate and glucose. 

* The hexose monophosphate obtained by this method is, according to 


Smythe, a mixture of about 22 per cent fructose-6-phosphate, 60 per cent 
glucose-6-phosphate, and 18 per cent mannose-6-phosphate. 
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Phosphorylation of Hexose Monophosphate and Glucose 


The phosphorylation of adenylic acid and creatine is only 
slight owing to the presence in the brain dispersions of a very 
active adenosine triphosphatase. However, in the presence of 
either hexose monophosphate or glucose, small amounts of adenylic 


TaBie I 
Phosphorylation of Adenylic Acid and Creatine 
Enzyme dialyzed 6 hours. All samples contained 0.1 mg. of Mg*+, 
0.004 m fumarate, 0.014 m pyruvate, 0.021 m phosphate (Experiments 1 and 
2), or 0.017 m phosphate (Experiment 3); Experiments 2 and 3 also with 
0.00012 m adenylic acid (0.009 mg. of P). Incubated in air at 28°. 


—— 












































| foctaE voy P 
Experi-| Ineu- | | 7 min 
ment | P acceptor NaF | bation | True | Deter- Ph hydrol- 
No. | | time | jnor- | mined | pho- ysis in | hos. 
ganic a 3 * creatine on phate 
& iat 100° 
yshvery u X10 “> min. | mg. | mg. (im fq mg. mg. 
| | Adenylic acid 50 0 | | 1.66 | zr, 1.66 | 0.00 
| ast 10 | =} 1.87 | 1.62 | 0.05 
| | | 2 | 1.61 | | 1.66 | 0.05 
| 30 | 1.63 1.67 | 0.04 
| Creatine (14.0)f 50 0 | 1.66 | 1.65 | 0.00 | 
10 1.57 | 1.64 | 0.07 
20 1.60 | 1.70 | 0.10 
30 | 1.64 | 1.68 | 0.04 | 
3§ | Creatine (14.0) 0 0 | 1.31 | 1.32 | 0.01 | 
0 20 1.29 | 1.32 | 0.03 | 
| | 40 20 1.28 | 1.36 | 0.08 | 





* Inorganic P in the absence of phosphocreatine. 


+ 0.35 mg. of P. 
t Equivalent to 1.1 mg. of P. 
§ In this experiment the samples contained also 0.04 m NagCO;-NaHCO, 


mixed in the proportion of 1:4. 


acid, the remaining components of the pyruvate oxidation system, 
and sodium fluoride, there is a rapid disappearance of inorgani¢e 
phosphate in relation to the oxygen uptake of the preparations* 


* The inorganic P disappearing is given as esterified Pin the tables. Net 
oxygen uptakes are always given; i.e., the difference between the oxygen 
uptake of complete samples minus that of samples without pyruvate + 
fumarate The latter was mostly insignificant. 
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(Tables II and V). In the absence of pyruvate + fumarate, and 
with brain dispersions which have been dialyzed for a sufficiently 
long time (4 or more hours), there is neither oxygen consumption 
nor phosphorylation. For a given brain preparation and a given 
time of incubation, the ratio of atoms of phosphorus esterified to 
molecules of oxygen taken up is nearly constant (Tables II and 
V, last column) whether the P acceptor be hexose monophosphate 
or glucose, in spite of the different magnitude of the oxygen uptake 
in each case. 

The disappearing inorganic phosphate is esterified with either 
hexose monophosphate or glucose to hexose diphosphate which, 
by the action of the zymohexase (13) present in the brain prepara- 


TaBe II 
Phosphorylation of Hexose Monophosphate and Glucose 
Enzyme dialyzed 4 hours; incubated 35 minutes in air at 38°. All sam- 
ples contained 0.2 mg. of Mg**, 0.023 m phosphate, 0.0013 m adenylic acid 
(0.087 mg. of P), and0.02m NaF. O,uptake and esterification of phosphate 
were measured during the last 30 minutes. 





|_Atoms P 











Sam same | Glucose Fumarate | Pyruvate | O: uptake | P esterified — - 
ple No. phosphate | . | if? ees! Moles Os 
] 10% | a xuee | x10 | aX 10 | cmm. | mg. | 
— we | 7 0.00 | 0.0 
2 | we ol | | 0 | 0.00 | 0.0 
a. MI } 4 | 12 | 27 | 0.88 | 1.7 
4 | | @& | 4. |. Bho tf? Jott | 1.9 
5 3 | 4 | 12 | 3 0.86 | 1.9 
* 0.96 mg. of P. 


tions, is partly converted into alkali-labile triose phosphate 
(Table III). Demonstration that the product of esterification is 
hexose diphosphate has been achieved in three ways: (a) by deter- 
mining the hydrolysis curves according to Lohmann (in 1.0 Nn 
HCl at 100°) of the esters present in the trichloroacetic acid 
centrifugates at the end of the experiment; (b) by heating some 
samples, prior to deproteinization, for 5 minutes at 60° after the 
usual incubation of 35 minutes at 38°; and (c) by direct estima- 
tions of fructose. 

Hydrolysis Curves—From the data given in Table III, the per- 
centage hydrolysis of the total ester P with exclusion of triose 
phosphate (total acid-soluble minus alkaline P), after 7, 30, 60, 
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and 180 minutes hydrolysis, respectively, was calculated. Hy- 
drolysis of the triose phosphate present was corrected for on the 
basis of a hydrolysis curve published by Kiessling (14). In this 
way the curves of Fig. 1 were obtained. The small amounts of 
adenylic acid added to each sample and the eventual presence of 
traces of some phosphoric ester in the brain dispersions are a 
source of some error in the above calculation. From Table III 
it can be calculated that 1.64 — 0.77 = 0.87 mg. of inorganic P 
has been esterified in 35 minutes in the experiment with hexose 
monophosphate (Sample 3). This would make 0.87 K 2 = 1.74 
mg. of hexose diphosphate (including triose phosphate) P, whereas 
2.75 — 0.77 = 1.98 mg. represents the total ester P present. 

















Taste III 
P Fractions of Experiments of Table II at End of 35 Minutes Incubation 
P 
ple No. Deter. | Alkaline | —_" dasteate & in 1 0: N HCl at 100° abaae 
min —__——_ 
directly bee | 7 min 30 min nm 60 min. | 180 min actuble 
mg. mg mg mg. mg. | mg. mg. 
1 1.64 1. 66 | “ 1 1.80 | 1.86 | 2.00 2.70 
2 | 1.58 | 1.58 | 1.59 | 1.59 | 1.62 1.71 
3 0.77 1.14 : ‘a 2.01 | 2.21 2.54 | 2.75 
4 0.25 0.58 | 0.79 1.17 | 1.31 1.55 1.69 
5 0.24 0.58 0.75 | 1.20 1.33 1.58 | 1.73 











* Determined after treatment with 1.0 Nn NaOH for 20 minutes at room 
temperature (inorganic + triose phosphate P). 


Thus 1.98 — 1.74 = 0.24 mg. of P (or 12 per cent of the total) 
is ester which has not arisen by phosphorylation of hexose mono- 
phosphate. Conditions are similar in the experiments with 
glucose. For this residue, however, no correction can be applied; 
it is even uncertain how much of it is adenylic acid, as this may 
have been broken down to a greater or lesser extent by the specific 
phosphatase found by Reis (15) in brain and nerve tissue. The 
curves obtained as outlined above agree with that of fructose- 
1,6-diphosphate (Fig. 1). 

Further evidence for hexose diphosphate formation is the in- 
crease in triose phosphate when the brain samples, after 35 minutes 
incubation at 38°, are heated at 60° for 5 minutes prior to de- 
proteinization (Table IV). This indicates that the triose phos- 
phate is formed from hexose diphosphate by the zymohexase 
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Fic. 1. Hydrolysis curves. Curve I, hexose-6-phosphate in aqueous 
solution. Curve II, trichloroacetic acid filtrate after aerobic incubation 
of hexose-6-phosphate with dialyzed brain enzyme (Table III, Sample 1). 
Curve III, @ fructose-1,6-diphosphate in aqueous solution; O trichloro- 
acetic acid filtrate after aerobic incubation of dialyzed brain enzyme with 
fumarate, pyruvate, and hexose-6-phosphate as P acceptor (Table III, 
Sample 3); A same but glucose as P acceptor (Table III, Samples 4 and 5); 
© trichloroacetic acid filtrate after anaerobic incubation of dialyzed brain 
enzyme with phosphoglycerate and glucose (Table XI, Samples 4 and 10). 


TaBLe IV 
Phosphorylation of Glucose; Formation of Triose Phosphate and 
Fructose Diphosphate 
Enzyme dialyzed 4 hours. All samples contained 0.2 mg. of Mg**, 
0.023 m phosphate, 0.0013 m adenylic acid (0.087 mg. of P), 0.004 m fumarate, 
0.012 m pyruvate, 0.025 m glucose, and0.02m NaF. Gas, air. 
































P 
| dipb hate 
iphosp 

Sample QF | ers} Al” | we | aan [om 

mined | treat- | PhOS- | fied | F From 
directly} rent | Phate P esti trectose 

mation mation 

c.mm. mg. mg. mg. mg. mg. mg. 

Fe ctor: 1.63 | 1.63 | 0.00 0.00 
Ineubated 35 min., 38° ....| 294 | 0.35 | 0.64 | 0.29 | 1.28 | 0.99 | 1.05 

‘eé 35 “ce 38° + 
5 min., 60°........ ......| 282 | 0.51 | 0.93 | 0.42 | 1.12 | 0.70 | 0.77 





* Measured for the period of 5 to 35 minutes. 
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(aldolase) reaction (13). Table IV shows further that the values 
for hexose diphosphate P, as obtained by direct determination of 
fructose, agree with those calculated on the assumption that all 
of the esterified phosphate, with the exception of that appearing 
as triose phosphate, is hexose diphosphate P. 

In brain dispersions, hexose diphosphate and triose phosphate 
account for all of the esterified phosphate. In some experiments, 
aliquots of filtrates from samples incubated with and without 
hexose monophosphate as P acceptor were treated with lead ace- 


TaBLe V 
Time Course of Esterification 
Enzyme dialyzed in Experiment 1, 2.5 hours; in Experiment 2, 5 hours. 
All samples contained 0.2 mg. of Mg**, 0.022 m phosphate, 0.0013 m ade- 
nylic acid (0.087 mg. of P), 0.004 m fumarate, 0.012 m pyruvate, and 0.02 m 
NaF. Incubated in air at 38°. 


! | 



































h.-9 Ineu- P esterifi Pyruvie acid ; S 
ment P acceptor — O: uptake ied | samewed § 4 
‘ | | | <2 

u X 107 min. |¢.mm. — mg. = | mg. — 
1 Hexose mono- | 5-10 | 32 | 1.43 | 0.18 | 5.81 | 4.05 
phosphate | 5-15 | 85 | 3.80 | 0.40 |12.95 | | 3.41 
(14.0)* 5-25 | 149 | 6.65 | 0.61 |19.60 2.95 
| 5-35 | 181 | 8.10 | 0.70 |22.60 | 2.78 
2 | Glucose (25.0)| 5-10 | 80 | 3.56 | 0.46 |14.80 | 0.29 | 3.30 4.15 
5-15 | 150 | 6.70 | 0.70 |22.60 | 0.56 | 6.38 | 3.37 
5-25 | 245 |10.90 | 0.95 30.70 | 0.71 | 8.10 | 2.82 
| 5-35 | 295 [13.20 | 1.02 /33.00 | 0.86 | 9.80 | 2.50 








* 0.96 mg. of P. 


tate and the precipitate worked up for phosphoglyceric acid es- 
timation by the method of Rapoport (16), but none could be 
detected. Hence the phosphorylation here measured cannot be 
due to any extent to triose phosphate oxidation. 

Time Course of Esterification—With either hexose monophos- 
phate or glucose as P acceptor, 4 atoms of phosphorus are esteri- 
fied for each molecule of oxygen consumed during the second 5 
minutes of incubation (Table V). This ratio gradually decreases 
with time and, for the period 5 to 35 minutes, it usually has a value 
around 2. The decrease with time of the esterification rate was 
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observed by Kalckar with kidney extracts (6); he also found that 
esterification of inorganic phosphate with a P acceptor was de- 
pressed by addition of the phosphorylation product (¢.e. phos- 
phorylation of glucose was inhibited by hexose diphosphate), a 
fact which has been here confirmed (Table VI). With the brain 
dispersions the oxygen consumption of the complete pyruvate 
oxidation system plus P acceptor is always somewhat depressed 
in the presence of hexose diphosphate, but inhibition of the es- 
terification is relatively much larger, as reflected by the lower 
P:O, ratios obtained. 


TasLe VI 
Inhibition of Phosphorylation by Hexose Diphosphate 
Enzyme dialyzed 4 hours; same additions as in Table V. Incubated 35 
minutes in air at 38°. O, uptake measured for the last 30 minutes; P es- 
terification measured for the whole period of incubation. 

















lH diph : Atoms P 
P acceptor | my > O: uptake P esterified Moles O: 
i u X 1o-* < Saal u xX i0% | ¢.mm. mg. 
Hexose monophos- 0 139 0.60 3.1 
phate (17.0)* 7T 108 0.21 1.4 
Glucose (23.0) 0 256 | 0.95 2.7 
7 166 0.36 1.6 
* 1.3 mg. of P. 
t 1.1 mg. of P. 


The high P: O, values at the beginning might be due in part to a 
phosphorylation connected with some anaerobic reaction, mainly 
occurring during the first few minutes of incubation. This pos- 
sibility, however, was excluded; when the samples are incubated 
in nitrogen, under otherwise identical conditions as in the aerobic 
experiments of Table II, there is neither removal of pyruvate nor 
phosphorylation. 

The initial rate of phosphorylation is extremely high. Thus 
in Experiment 2 of Table V, with glucose as P acceptor, 0.46 mg. of 
P were esterified at 38°, during the second 5 minutes, by an amount 
of enzyme corresponding to approximately 300 mg. of fresh brain, 
or about 18 mg. of P per gm. of tissue per hour. 

Cocarborylase and Esterification—Dependence of phosphoryla- 
tion on the oxidation of pyruvic acid is also observed if the con- 
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centration of cocarboxylase be a limiting factor in the pyruvate 
oxidation system, as is the case when brain dispersions from pigeons 
with acute beriberi are used (2, 4). This is shown in Table VII. 
With no cocarboxylase added, oxygen uptake and pyruvate re- 
moval are lower; phosphorylation is proportionally depressed. 
Addition of cocarboxylase produces increased phosphorylation in 
relation to the higher oxygen consumption and to the increased 
removal of pyruvate; the P:O, ratios remainunchanged. Experi- 
ment 3 (Table VII) is particularly demonstrative, since the 
activity of the system, without added cocarboxylase, was lower 


Tasie VII 
Effect of Cocarboxylase on Esterification 


Brain enzyme from vitamin B,-deficient pigeons, dialyzed 5 hours. 
Additions asin Table V. Incubated 35 minutes in air at 38°. O, uptake, 
P esterification, and pyruvate removal measured during the last 30 minutes. 




















Experi- Cocar- | O: | | Free Atoms P 
No. | P acceptor | — | uptake tated | aes Moles O: 
od = | 

um X 10% | 7 | c.mm., | 
l Hexose mono- | 0 | 115 | 0. 2 a 0.42 2.07 
phosphate 2+ | 91 | 0.88 | 0.86 2.00 
(14.0)* | | | 
2 7.9% j@si- | 137 | «(0.38 | 0. - 1.99 
| 2 | 22 | 0.65 | 0.94 | 2.22 
3 | Glucose (25.0) | 0 66 0.25 | | 2.73 
Re | 0 | 





* 0.96 mg. of P. 
t Actually 3 y of cocarboxylase of 65 per cent purity. 


than is usually obtained; its addition trebled both oxygen uptake 
and phosphorylation. 

Adenylic Acid and Esterification—In brain dispersions which 
have been dialyzed sufficiently long to remove as much as possible 
of the preformed “‘adenine nucleotide” without causing irreversible 
inactivation of the enzymes, esterification of inorganic phosphate 
with hexose monophosphate or glucose, in the presence of sodium 
fluoride and all the components of the pyruvate oxidation system 
except adenylic acid, is negligible (Table VIII). The effect of 
adenylie acid is catalytic; addition of 1 mg., with 0.087 mg. of P, 
causes (7.e. in Experiment 2, Table VIII) the esterification of 0.96 
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— 0.10 = 0.86 mg. of P, or 10 times as much as the adenylic acid 
P added, not including the phosphate esterified during the first 
5 minutes of temperature equilibration. Without adenylic acid 
the oxygen uptake is very low (4), but lack of the nucleotide 
affects phosphorylation even more and low P:Qz, ratios result. 
In Experiment 1 of Table VIII pyruvic acid was determined as 
described in a previous section. On addition of adenylic acid the 
oxygen consumption is increased to a greater extent than is the 
removal of pyruvic acid, the oxygen to pyruvate ratio being 


Tasie VIII 
Necessity of Adenylic Acid for Esterification 
Enzyme dialyzed 7 hours. All samples contained 0.2 mg. of Mg**, 
0.022 m phosphate, 0.004 m fumarate, 0.012 m pyruvate, and 0.02 m NaF. 
Incubated 35 minutes at 38°. O, uptake, P esterification, and pyruvic acid 
disappearance measured during the last 30 minutes. 











‘ 3 
- é\¢ 
z | Adenylie oO. P Pyruvic | Atoms P 
E | Pecemtor | 5d, | wntake | uated | ne | Moles Os) 3 
| é 
i : 
uX 10° u X10 c.mm. mg. mg. 
1 Hexose mono-| 0.0 84 0.15 0.56 1.29 0.59 
phosphate 1.3t 217 0.68 0.83 2.27 1.03 
(14.0)* 
2 Glucose (25.0)! 0.0 121 0.10 0.60 
1.3 302 0.96 2.30 


























* 0.96 mg. of P. 
t 0.087 mg. of P. 


doubled. This confirms previous observations, in which pyruvate 
had been determined by a different method (4), and the conclusion 
then reached that adenylic acid causes not only an increased 
removal but also a more complete oxidation of pyruvic acid. 
Phosphate Transfer from Phosphopyruvic and Phosphoglyceric 
Acids to Hexose Monophosphate and Glucose—Kalckar (6, 7) ob- 
served that respiring suspensions of minced kidney cortex would 
esterify inorganic phosphate with adenylic acid to adenosine 
polyphosphate, but failed to obtain transfer of phosphate from 
adenosine triphosphate to glucose. Similarly Colowick et al. 
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(8), although noticing the improved respiration caused by addi- 
tion of adenylic acid to autolyzed kidney extracts and its necessity 
for aerobic glucose phosphorylation, were also unable to obtain 
transfer of phosphate from adenosine triphosphate to glucose.‘ 
From these results it would appear that aerobic phosphorylation 
of glucose would not take place by preliminary phosphorylation 
of adenylic acid to adenosine polyphosphate and transfer of phos- 
phate from the latter to the sugar. The experiments to be re- 
ported here, however, show that, under different experimental con- 
ditions, such a transfer can be demonstrated to occur in brain 
dispersions. 

In preparations with a high adenosine triphosphatase activity 
little success is to be expected when relatively large amounts of 
adenosine triphosphate are used as P donator. In the present 
experiments therefore either phosphopyruvic or phosphoglyceric 
acid was used as (indirect) P donator, and catalytic amounts of 
adenylic acid as carrier (hence small amounts at a time of adenosine 


polyphosphate as direct donator) of phosphate to either hexose ° 


monophosphate or glucose; as previously reported (1), phosphory- 
lation to hexose diphosphate of either P acceptor is catalyzed by 
the brain dispersions under these conditions. In the absence of 
adenylic acid there is of course no reaction. The experiments 
were carried out under strictly anaerobic conditions® to prevent 
an eventual esterification through oxidation of some of the pyruvie 
acid arising by dephosphorylation of phosphopyruvate, and, fur- 
ther, in the presence of iodoacetate to prevent dismutation be- 
tween pyruvate and triose phosphate, a reaction which is coupled 
with esterification (18-20). ‘ 

In the experiment of Table LX, with 0.02 m sodium fluoride, 
the whole of the added phosphopyruvate (with 0.49 mg. of P) 
was broken down in 15 minutes at 38°. Half of its P (0.25 mg.) 
appeared as inorganic phosphate; the rest as an ester of which 
0.15 mg. was triose phosphate. Phosphopyruvate was deter- 
mined as the difference between the phosphate of an aliquot of 


‘Transfer of phosphate from adenosine triphosphate to glucose with 
brain extracts was recently reported by Geiger (17). Colowick, Kalckar, 
and Cori have now found it to occur in heart extracts (J. Biol. Chem., 
137, 343 (1941)). 

5 In nitrogen purified by passage through copper at 600°. 
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filtrate treated with 0.03 Nn iodine in 1.0 n sodium hydroxide for 
20 minutes at room temperature (I, value) and that of another 
treated only with 1.0 N sodium hydroxide under the same con- 
ditions (alkaline value). The difference between ashing and I, 
phosphate values is ester phosphate other than triose phosphate 
or phosphopyruvate. In Table IX this difference was 0.65 mg. 
of P before incubation, corresponding to the added hexose mono- 
phosphate; after incubation it was 0.76 mg. of P. Thus 0.76 — 
0.65 = 0.11 mg. of P is newly formed ester other than triose 


TaBLe IX 
Transfer of Phosphate from Phosphopyruvate to Hexose Monophosphate 
Enzyme dialyzed 6.5 hours. All samples contained 0.1 mg. of Mg**, 
0.01 m phosphate, 0.009 m hexose monophosphate (0.65 mg. of P), 0.007 m 
phosphopyruvate (0.5 mg. of P), 0.001 m iodoacetic acid, and 0.02 m NaF. 
Incubated 15 minutes in nitrogen at 38°. 














P 
Sample ; 
Determined| Triose | Phospho- | Remaining 
directly | phosphate | pyruvate estert 
mg. mg. mg. mg. 
I. one) sive ca acy co | 0.49 | 0.65 
Incubated without adenylic acid 0.76 0.00 0.47 0.62 
us with 0.0012 m adenylic | 
CI « , ccsrtiets duntiua: ate ote dele nen ace 0.97 0.15 | 0.00 0.76 
Change on incubation with ade- 
NS POPE HOR Oe +0.25 | +0.15  -0.49 | +0.11 











* 0.087 mg. of P. 
+t Total acid-soluble minus I, values of P. 


phosphate. In experiments with glucose as P acceptor this ester 
has been identified as hexose diphosphate. 

Table X gives experiments with phosphoglycerate. Here of 
course no fluoride can be used. When no adenylic acid was added, 
there was practically no reaction except for the appearance of 
phesphopyruvate with an approximately equivalent disappear- 
ance of phosphoglycerate’ owing to the establishment of the 
equilibria, 3-phosphoglycerate — 2-phosphoglycerate =— phos- 
phopyruvate. With adenylic acid, the whole of the phospho- 


* Phosphoglycerate P was determined as the difference between ashing 
and 180 minutes hydrolysis in 1.0 n HCI at 100°. 
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glycerate was broken down irrespective of the absence or presence 
of hexose monophosphate or glucose, but whereas in the former 
ease all the phosphoglycerate P is set free as inorganic phosphate, 
in the latter 25 to 30 per cent of it failed to appear as inorganic 
phosphate and was recovered as triose phosphate and hexose 


TABLE X 
Transfer of Phosphate from Phosphoglycerate to Hexose Monophosphate 
and Glucose 
Enzyme dialyzed 4.5 hours. All samples contained 0.2 mg. of Mg**, 
0.009 m phosphate, and 0.001 m iodoacetic acid. Incubated in nitrogen. 












































| Phos- | | Ad- | ri 
oe] pewter | Soe | Saale] eae eee 
Ko. rate | period | Ged | mined | phos: | Rhee. | Bho. one ai 
| B ners phate | ruvate| ate phate* 
mu X 10-3 yA. min. v x mg. | mg. mg. mg. mg. 
1 | None | 20t | Initial . | 0.65 | 0.00 | 0.02 | 1.54 
2 | Glucose (24) | 20 | 20 (88°) 00. 0.71 | 0.02 | 0.38 | 1.13 
3 | None | 20 | 20 (38°) 1 2] 2.28 | 0.00 | 0.00 | 0.00 
4 | Glucose (24) | 20 | 20 (38°) | 1.2 | 1.74 | 0.17 | 0.00 | 0.00 
5 | Hexosemon-| 20 | 20 (38°)| 1.2 1. 0.23 | 0.00 
ophosphate on] 
(18) § | 
6 | None | 23! | Initial | 0.0 | 0.68 | 0.00 | 0.07 | 1.76 | 0.00 
7 | Glucose (23) | 23 | 20 (38°) | 0.0 | 0.75 | 0.00 | 0.54 | 1.35 | 0.00 
s | None | 23 | 20 (38°) | 1.2 | 2.56 | 0.00 | 0.00 | 0.00 | 0.00 
9 | Glucose (23) | 23 | 20 (38°)| 1.2 | 2.03 | 0.16 | 0.00 | 0.00 | 0.44 
10 “ (23) | 23 | 20 (38°) | 1.2 | 2.08 | 0.18 | 0.00 | 0.00 
11 (23) | 23 | 20 (38°) | 1.2 | 2.08 | 0.27 
|__| +5 (60°) a 











* Determined as fructose. 


t 1.5 mg. of P. 
t 0.087 mg. of P. 
§ 1.3 mg. of P. 
1.7 mg. of P. 


diphosphate. The hydrolysis curve of the residual ester was 
determined, in samples with glucose as P acceptor, as previously 
described. This has been done with Samples 4 and 10 (Table X); 
the analytical data are given in Table XI. 


that of fructose-1,6-diphosphate (Fig. 1). 


The curve agrees with 
Table X shows further 
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that incubation for 5 minutes at 60° at the end of the experiment 
markedly increases the amount of triose phosphate (cf. Samples 
10 and 11). Direct estimation of fructose also indicates that the 
residual ester is hexose diphosphate. Thus in Sample 9, 2.56 — 
2.03 = 0.53 mg. of P from phosphoglycerate are bound in ester 
form, of which 0.16 mg. of P is triose phosphate; the remainder, 
0.37 mg. of P, agrees with the hexose diphosphate P (0.44 mg.) 
obtained by the fructose estimation. 

The quantitative relationships in the above experiments re- 
quire some consideration. In the presence of fluoride half of the 
phosphopyruvate P is set free as inorganic phosphate, and the 
remaining half is tranferred to the P acceptor (Table LX); without 
fluoride more phosphate appears as inorganic and only 25 to 30 

















TasBLe XI 
P Fractions of Experiments of Table X at End of Incubation 
| P 
. gi rarer Hydrolysis in 1.0 x HCl at 100° ania: 
| determined | “7min. | 30min. | 60min. | 180min, | ‘luble 
mg. mg. mg. mg. mg. mg. 
3 | 298 | | 2.28 2.32 
4 | 17 | 1.04 | 2.05 2.13 2.18 2.27 
Sic Pisasi4 2.63 2.67 
1 =6| 2.08 | 2.29 | 2.42 | 2.47 2.60 2.65 











per cent is transferred to the P acceptor (Table X). Without 
fluoride, however, aerobic phosphorylation is also much decreased 
(cf. the next section). In anaerobic transfer experiments with 
phosphopyruvate, hexose monophosphate, and fluoride, reduction 
to 3 minutes of the incubation time resulted in the same relations; 
i.e. half of the phosphopyruvate phosphate was set free and half 
tranfezred to hexose monophosphate. 

This is the same relation which was found by Ostern et al. (21) 
for the transfer of phosphate from adenosine triphosphate to hexose 
monophosphate in autolyzed muscle extracts. The reactions in 
brain dispersions in the presence of fluoride can be formulated as 
follows: 


(1) 4 phosphopyruvic acid + 2 adenylic acid = 2 adenosine 
triphosphate + 4 pyruvic acid 
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(2) 2 adenosine triphosphate + 2 hexose monophosphate + 2H,0 
= 2 hexose diphosphate + 2H;PO, + 2 adenylic acid 
or 
(3) 2 adenosine triphosphate + 1 glucose + 2H,O = 1 hexose diphosphate 
+ 2H;PO, + 2 adenylic acid 


Reaction (2) is that of Ostern et al. The sum of Equations 1 and 
2 is the over-all reaction for the phosphorylation of hexose mono- 
phosphate: 


(4) 4 phosphopyruvic acid + 2 hexose monophosphate + 2H,0 
= 2 hexose diphosphate + 2H;PO, + 4 pyruvic acid 


Although phosphorylation of hexose monophosphate by trans- 
fer of phosphate from adenosine triphosphate was known to occur 
both in yeast and muscle, phosphorylation of glucose by the same 
mechanism appeared to be limited to the former. Muscle can 
only bring about the reaction in the presence of hexokinase, an 
enzyme of the nature of a heterophosphatese (22). However, 
other tissues which glycolyze glucose, such as brain and kidney, 
contain hexokinase (23) and might be expected to catalyze the 
phosphorylation of glucose by adenosine triphosphate and trans- 
fer of phosphate from phosphopyruvate. 

Effect of Poisons on Aerobic Phosphorylation—The effect of 
fluoride has already been mentioned. Relative to the oxygen 
consumption phosphorylation is much decreased in the absence 
of fluoride. This may not be true in absolute terms, owing to the 
depression of respiration by fluoride which (with 0.04 m NaF) 
may be reduced to 50 per cent of its normal value (Table XII, 
Experiment 1). In the absence of fluoride the P:O, ratio is some 
30 to 40 per cent of that in its presence. Kalckar (6) emphasized 
the necessity of fluoride for the study of aerobic phosphorylations 
in kidney, and ascribed its effect to inhibition of acid phosphatases 
which would split the phosphorylation product. Colowick et al. 
(8) also noticed the effect of fluoride but could not observe in- 
hibition of phosphatase action by the poison. The only well 
known specific effect of fluoride, namely inhibition of the equilib- 
rium reaction 2-phosphoglycerate — phosphopyruvate, cannot 
explain its action on the aerobic phosphorylation in brain, under 
the conditions of the present experiments, where no phosphogly- 
cerate is formed from triosephosphate. As the experiments with 
brain, and probably also those with kidney preparations, are car- 
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ried out in the presence of a strong adenosine triphosphatase, 
a depression by fluoride of the activity of this enzyme might well 
explain its effect. 

Iodoacetic acid (0.001 m) produces some inhibition of the res- 
piration of the brain pyruvate oxidation system, but decreases 
phosphorylation only to the same extent as respiration, leaving 
the P:O, values practically unchanged (Table XII). On the 
other hand iodoacetic acid blocks, as is well known, the esterifica- 
tion of inorganic phosphate connected with dehydrogenation of 


TaBLe XII 
Effect of Fluoride and Iodoacetate on O, Uptake and Phosphorylation 


Enzyme dialyzed 4 to 6 hours. All samples contained 0.2 mg. of Mg**, 
0.022 m phosphate, 0.0013 m adenylic acid (0.087 mg. of P), 0.004 w fumarate, 
0.012 m pyruvate, and either 0.009 m hexose monophosphate (0.63 mg. of P) 
or 0.025 m glucose. Incubated 35 minutes in air at 38°. O, uptake and P 
esterification measured during the last 30 minutes. 








at 
“rent P acceptor NaF | a O: uptake « esterified omer 
mu X 10-3 uX 10° c.mm. mg. 
1 Hexose mono- 0 0 420 0.31 | 0.55 
phosphate 40 0 210 0.39 1.30 
2 | Glucose 20 0 284 0.79 | 2.02 
0 1 225 0.21 0.68 
20 1 222 0.53 1.73 
3 j 0 0 192 0.12 0.45 
20 1 128 0.31 1.76 
s 




















triose phosphate by inhibiting the triose phosphate dehydrogenase 
(18, 24). 

The effect of arsenite was also investigated. Krebs and John- 
son (25) found arsenite to be a specific inhibitor of the dehy- 
drogenation of a-keto acids. The fumarate-catalyzed oxidation 
of pyruvate in brain dispersions is completely blocked by arsenite 
and so is the accompanying phosphorylation (cf. Table XIV). 
That inhibition of phosphorylation is secondary to that of pyruvate 
oxidation is proved by the fact that 0.008 m sodium arsenite has 
no effect whatever on the phosphorylation of glucose by transfer 
of phosphate from phosphoglyceric acid. Thus in Table XIII, 
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2.05 — 1.72 = 0.33 mg. of P was transferred to glucose whether 
arsenite was present or not. 

Succinate Oxidation and Phosphorylation—Colowick et al. (8) 
found that aerobic phosphorylation of glucose in kidney extracts 
was obtained by oxidation of various dicarboxylic acids, among 
them succinic acid, and expressed the view that oxidation of any 
substrate involving Szent-Gyérgyi’s fumaric acid cafalysis would 
be an indirect source of phosphorylation. They also reported 
that oxidation of pyruvic acid catalyzed by fumarate produced 
phosphorylation of giucose. 


TaBLe XIII 
Effect of Arsenite on Transfer of Phosphate from Phosphoglycerate 
to Glucose 
Enzyme dialyzed 4 hours. All samples contained 0.2 mg. of Mg*, 
0.008 m phosphate, 0.0011 m adenylic acid (0.087 mg. of P), 0.018 m phos- 
phoglycerate (1.4 mg. of P), and 0.001 m iodoacetie acid. Incubated 10 
minutes in nitrogen at 38°. 























| P 
Sample P acceptor Arsenite | a 
eee ‘en isan 
split 
u X 10% “xi mg. mg. mg. 
Initial None 0 | 0.65 
Incubated sa 0 | 2.05 1.40 | 0.00 
” Glucose (22) 0 1.72 1.4 | 0.33 
a None g* 2.02 1.37 | 0.00 
° Glucose (22) 8 | 1.70 1 | 0.32 





* 2 mg. of As,Oy. 


If succinate oxidation were the only source of phosphorylation 
in the oxidation of pyruvate catalyzed by C, dicarboxylic acids, 
one would expect the P:0O, ratio to be the same or higher with 
succinate than with pyruvate-fumarate; this is not the case, the 
ratio being lower with succinate (Table XIV). When succinate 
is oxidized by brain dispersions, owing to the presence of fumarase 
and malic dehydrogenase, pyruvate is always formed from oxal- 
acetate and is undoubtedly oxidized to some extent. This can 
be avoided with arsenite. Table XIV shows that in the presence 
of arsenite the P:0O, ratio of succinate oxidation drops to a half or 








a 
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less of the value obtained (without arsenite) when pyruvate is 
oxidized. 


Tasie XIV 
Succinate Oxidation and Phosphorylation 
Enzyme dialyzed 6.5 hours. All samples contained 0.2 mg. of Mg**, 
0.022 m phosphate, 0.0012 m adenylic acid (0.087 mg. of P), 0.02 m NaF, 
and either 0.014 m hexose monophosphate (1.0 mg. of P) or 0.024 m glucose. 
Incubated 35 minutes in air at 38°. O, uptake measured during the last 30 
minutes; P esterification measured during the whole period. 



































Bape | | alg 
ment | Pacooptor | Furma-| Pre | Sussk-| Are | Quur-|Eisea| als 
a | <= 
| wx10-* |MX10-% | a X10-8 | we X10-* | c.mm. mg. 
1 Hexose monophos-| 4 | 12 0 | 0.0 | 178 | 0.68 | 2.76 
phate 4 12 0 0.8* 0 | 0.12 
0 0 30 0.0 | 158 | 0.37 | 1.69 
0 0 30 0.8 | 135 | 0.24 | 1.28 
2 Glucose 4 12 0 0.0 | 320 | 1.20 | 2.72 
4 12 0 | 8.0 19 | 0.00 | 0.00 
0 0 30 | 0.0 | 276 | 0.77 | 2.02 
0 0 30 8.0 | 178 | 0.23 | 0.94 
* 0.2 mg. of As,Os. 
DISCUSSION 


Esterification of inorganic phosphate with a P acceptor is con- 
nected with two of the major dehydrogenations in carbohydrate 
breakdown, namely dehydrogenation of triose phosphate (18, 19, 
26, 27) and pyruvate. The mechanism of the ‘“‘coupling” between 
triose phosphate dehydrogenation and esterification has been clari- 
fied by the work of Warburg and his associates (28, 29). Glye- 
eraldehyde phosphate takes up inorganic phosphate (whether by 
enzymatic action or otherwise is still unknown) and is converted 
into glyceraldehyde diphosphate which is then dehydrogenated to 
1,3-diphosphoglyceric acid; this phosphorylates adenylic acid 
(or adenosine diphosphate) and passes into the more stable 3-phos- 
phoglyceric acid. 

The connection between esterification and oxidation of pyruvic 
acid here studied would seem to be due to a similar reaction mech- 
anism. Such a mechanism has been postulated by Lipmann 
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(30) for the simpler oxidative decarboxylation of pyruvic acid to 
acetic acid and carbon dioxide by preparations of lactic acid bac- 
teria, supported by the fact that the hypothetic phosphorylated 
dehydrogenation product, acetyl phosphate, transfers its phos- 
phate to adenylic acid in the presence of the bacterial enzymes. 
More recently (31) he has found that a (acid and alkali) labile 
phosphorylated compound is formed during dehydrogenation of 
pyruvate by the bacterial system. 

The pyruvate oxidation system of animal tissues is undoubtedly 
more complicated, since oxidation of pyruvate is more complete 
(32) and requires the cooperation of C, dicarboxylic acids, which 
also seem to take a part in phosphorylation. Here acetyl phos- 
phate does not appear to be an intermediate (33). On the other 
hand, the necessity of “adenine nucleotide” for the oxidat on is a 
point of analogy with the triose phosphate oxidation system 
which is not shared by Lipmann’s bacterial preparations. The 
mechanism of phosphorylation in brain dispersions can be pic- 
tured as follows: 

With catalytic amounts of adenylic acid, and in the absence of 
further P acceptors, the adenosine triphosphate, formed by 
reaction of adenylic acid with the hypothetic phosphorylated oxi- 
dation product of pyruvic acid, is rapidly dephosphorylated by the 
adenosine triphosphatase, and adenylic acid is regenerated for 
further reaction; the concentration of inorganic phosphate remains 
unchanged. It is due to the presence of adenosine triphosphatase 
that oxygen consumption can take place independently of the 
phosphorylation of a P acceptor, but, in the absence of added 
adenylic acid, the concentration of preformed “adenine nucleo- 
tide’ in the dialyzed dispersions is too low to keep the above 
mechanism working at a sufficiently high rate, and the rate of oxy- 
gen uptake falls below normal. In the presence of both adenylic 
acid (in catalytic amounts) and phosphate acceptors for the 
labile P groups of adenosine triphosphate, such as hexose mono- 
phosphate or glucose, a greater or lesser proportion of the adenosine 
triphosphate escapes the action of adenosine triphosphatase by 
transferring phosphate to the acceptor with formation of hexose 
diphosphate; an equivalent amount of inorganic phosphate 
disappears. The fact that phosphorylation of adenylic acid is an 
obligate step in dehydrogenation of both triose phosphate and 
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pyruvate makes it the main mechanism by which the energy of 
respiration is made available to the tissues. 

The part taken by the catalytic action of C, dicarboxylic acids 
in phosphorylation is obscure. The fact that, at a certain time, 
there are at least 4 atoms of phosphorus esterified to 1 molecule of 
oxygen consumed would seem to support the view (1) that there 
must be more than one point of esterification in the chain of reac- 
tions leading to the transport of one hydrogen pair from pyruvate 
to their ultimate acceptor, oxygen.’ 

The phosphorylation linked with oxidation of pyruvate, rela- 
tively resistant to iodoacetic acid, throws light on early observa- 
tions upon aerobic resynthesis of creatine phosphate in iodoacetic 
acid-treated muscles (35), and on more recent observations of 
Belitzer (36) upon phosphorylation of creatine in minced muscle 
oxidizing lactate in the presence of bromoacetate. 


SUMMARY 


1. Dialyzed dispersions from pigeon brain, in the presence of 
sodium fluoride and all the components of the pyruvate oxidation 
system, show a limited capacity to phosphorylate adenylic acid 
or creatine. 

2. With catalytic amounts of adenylic acid, added hexose mono- 
phosphate or glucose is phosphorylated to hexose diphosphate with 
uptake of an equivalent amount of inorganic phosphate. The 
presence of adenylic acid is indispensable. 

3. Under the conditions of these experiments phosphorylation 
is connected with the oxidation of pyruvate catalyzed by C, dicar- 
boxylic acids, since (a) without pyruvate-fumarate there is neither 
oxygen uptake nor phosphorylation; (6) in brain dispersions from 
vitamin B,-deficient pigeons esterification is increased by addition 
of cocarboxylase to the same extent as removal of pyruvate and 


’ After completion of the manuscript, a paper by Belitzer and Tsi- 
bakowa (34) came to my knowledge, in which phosphorylation of creatine, 
in minced muscle and heart, was found to be linked with oxidation of 
various substrates including pyruvate; also of succinate (in the presence 
of arsenite) with a lower P:O, ratio, as was here found. With preformed 
substrates, P:O, ratios of 4 or higher were found. The authors put forward 
the view, here expressed, that intermediate reactions in the hydrogen 
transfer must also be connected with phosphorylation. 














772 Phosphorylation in Brain 


oxygen consumption; (c) arsenite blocks the esterification by in- 
hibiting the oxidation of pyruvate. 

4. Under certain conditions the ratio of atoms of phosphorus 
esterified to molecules of oxygen taken up is constant. This 
ratio has a maximum value of 4 at the beginning, but decreases 
with time owing to inhibition of esterification by the accumulating 
phosphorylation product. 

5. With catalytic amounts of adenylie acid, brain dispersions 
catalyze phosphorylation to hexose diphosphate, of either hexose 
monophosphate or glucose, by anaerobic transfer of phosphate 
from phosphopyruvic or phosphoglyceric acid, showing that the 
labile phosphate groups of adenosine triphosphate are transferred 
to either of the two P acceptors. Thus the necessity of adenylic 
acid for aerobic phosphorylation can be best interpreted by assum- 
ing that oxidation of pyruvate is linked with phosphorylation of 
adenylic acid to adenosine polyphosphate which then transfers 
its labile phosphate to hexose monophosphate or glucose. 

6. Relative to the oxygen consumption phosphorylation is much 
decreased in the absence of fluoride. The effect of fluoride is 
believed to be due to a depression of the activity of adenosine 
triphosphatase. Both oxygen uptake and phosphorylation are 
relatively resistant to iodoacetic acid and are depressed by it to 
the same extent. 

7. Oxidation of succinate by brain dispersions is also accom- 
panied by phosphorylation of hexose monophosphate or glucose. 
When arsenite is added, to prevent oxidation of any pyruvate 
which may be formed, the ratio of atoms of phosphorus esterified 
to molecules of oxygen taken up is half or less of that obtained 
(without arsenite) with pyruvate-fumarate. Hence catalytic 
action of C, dicarboxylic acids by itself can account for no more 
than half of the phosphorylation connected with pyruvate oxida- 
tion. 


I am very grateful to Professor R. A. Peters for his continued 
interest in this work, to the Nuffield Trustees for a personal grant, 
and to the Rockefeller Foundation and the Medical Research 
Council for grants (to Professor Peters) in aid of this work. My 
thanks are also due to Mr. Clarke for help with the pigeons. 
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A FLAVOPROTEIN FROM YEAST 


By D. E. GREEN,* W. E. KNOX, ann P. K. STUMPF 


(From the Department of Biological Chemistry, Harvard Medical 
School, Boston) 


Wits a Nore sy J. L. OnciEy 
(Received for publication, December 7, 1940) 


In the course of the isolation of carboxylase from top brewers’ 
yeast (1) we observed that crude preparations of the enzyme were 
characterized by a deep yellow color. Examination disclosed 
that some flavoprotein was mainly responsible for the yellow 
color. The present communication deals with the purification 
and properties of this chromoprotein. 

The isolation procedure leads to a preparation in which the 
flavoprotein component accounts for about 60 per cent of the 
total sedimenting material. All the color, however, is associated 
with the flavoprotein component. The ultracentrifuge data 
reported in the accompanying note by Oncley suggest that the 
flavoprotein has a molecular weight of from 50,000 to 70,000, 
assuming a frictional ratio of from 1.0 to 1.2. Another colored 
substance in addition to flavin is found combined with this pro- 
tein, though as yet nothing is known of its chemical nature. 


Method of Isolation 


Brewers’ ale yeast is washed with 5 volumes of water and dried 
at room temperature in a brisk current of air (within 24 hours). 
500 gm. of finely ground, dried yeast are stirred slowly into 1500 
ec. of water heated to 42°. The suspension is incubated at 38° 
for 1 hour, mixed with 2000 cc. of water, and centrifuged. 

The opalescent supernatant fluid (2620 cc.) is mixed in order 
with 400 cc. of 0.5 m disodium phosphate and 200 ce. of m calcium 
acetate. After the precipitate is centrifuged off, a clear yellow 
solution is obtained (2900 cc.). 28 gm. of ammonium sulfate 


* Beit Memorial Research Fellow. 
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are added for each 100 cc. of solution. Centrifuging for at least 
1 hour is necessary to separate the precipitate effectively. The 
precipitate is discarded and 12 gm. of ammonium sulfate are 
added for each 100 cc. of supernatant fluid (volume about 3200 
ec.). The precipitate (250 ec.) is filtered off, and dissolved by 
addition of 500 ce. of water. The precipitation of the flavo- 
protein is repeated by addition of 200 gm. of ammonium sulfate. 
The precipitate is dissolved in water in a final volume of 300 ce. 
The solution is filtered and dialyzed for 3 hours against running 
tap water. 

The dialyzed solution (490 cc.) is mixed with 75 cc. of alumina 
C-y gel (27 mg. dry weight per ecc.). The gel is centrifuged off 
and discarded. A further addition of 250 cc. of the alumina gel 
is made. The gel is washed with 5 volumes of water and eluted 
three times with 40 ec. portions of 0.5 m disodium phosphate. 

The combined eluates (volume 120 cc.) are then submitted to 
the first ammonium sulfate fractionation. Four fractions are 
obtained by centrifuging off the precipitates formed after addition 
of 0.35, 0.56, 0.83, and 1.38 volumes respectively of saturated 
ammonium sulfate. The first and last fractions are discarded; 
the second and third are combined (volume 53 cc.), and the 
solution is dialyzed for 3 hours. 

The second alumina C-y adsorption is now carried out. 25 ce. 
of the alumina gel suffice to remove the flavoprotein quantitatively, 
leaving a considerable amount of colorless impurity behind. The 
gel is washed with water and eluted three times with 25 cc. portions 
of 0.5 m disodium phosphate. The eluates are combined and the 
flavoprotein is precipitated by addition of 40 gm. of ammonium 
sulfate for each 100 cc. of solution. The precipitate is dissolved 
in about 25 cc. of water, and the solution is clarified by filtration. 

Saturated ammonium sulfate solution is added slowly until 
the first turbidity forms. The precipitate is discarded. More 
ammonium sulfate solution is added until the bulk of the protein 
precipitates. The precipitate is centrifuged off, and dissolved in 
the minimum volume of water. 

The yield from 500 gm. of dried yeast at this level of purity is 
about 40 mg. of flavoprotein containing 344 y of bound flavin- 
adenine dinucleotide. The isolation involves roughly a 500-fold 


increase in purity. 
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Properties of the Flavoprotein 


Dilute solutions of top yeast flavoprotein (<1 mg. per cc.) 
appear yellow-green in color. More concentrated solutions 
(>2 mg. per cc.) appear brownish yellow and finally brownish red. 
On addition of Na2S,O, the color is bleached to the extent of 46 
per cent. Shaking with air restores the original color. This 
process can be repeated many times. When the flavoprotein 
solution is boiled, the protein is denatured and the flavin group is 
split off. The protein-free filtrate has the typical lemon-yellow 
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Fic. 1. The absorption spectrum of yeast flavoprotein preparation at 
the 0.86 per cent flavin phosphate stage. The curves were obtained on a 


Hilger Spekker photometer. The solution contained 1.59 mg. per cc., 
d= lem. 


color and green fluorescence of flavin. Addition of NagSsO, 
now bleaches the color completely. 

The absorption spectrum of the flavoprotein preparation at the 
highest level of purity reached is shown in Fig. 1. There are three 
maxima at 278, 370, and 465 mu respectively. The extinction 
ratio €7s/€s0 = 20 and é7s/ee; = 22. The absorption spectrum 
differs from that of a typical flavoprotein in two respects. (1) 
The bands at 370 my and 465 my do not show up as definite peaks, 
and (2) the 370 mu band is higher than the 465 my band. These 
discrepancies argue the presence of another colored constituent 
in addition to flavin, and indeed it can easily be demonstrated 
that the light absorption of the flavoprotein in the visible region 
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of the spectrum is only partly referable to flavin. On addition of 
Na,S,0, to the flavoprotein solution the color is bleached to the 
extent of 37 per cent at 450 my and 46 per cent at 465 muy (ef. 
Fig. 2). If all the color were due to flavin, bleaching would have 
been complete. It is significant that in plotting the difference 
in light absorption between oxidized and reduced flavoprotein 
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Fie. 2. The visible absorption spectrum of oxidized and reduced yeast 
flavoprotein preparation. The curves were obtained on a Hardy auto- 


matic spectrophotometer. 


against wave-length a typical flavin spectrum with a peak at 
465 my is obtained. 

When a solution of the flavoprotein is boiled or acidified (< pH 4), 
the flavin group is split off and the protein is denatured. The in- 
soluble protein can, however, be dissolved in dilute sodium hydrox- 
ide. The absorption spectrum of the flavin-free denatured protein 
is identical with that of the native flavoprotein reduced with 
NagS.0,. Furthermore, addition of NagS,O, has no influence on 
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the absorption spectrum. It is thus clear that the non-flavin 
colored group is not reducible by NaeS.O, and, unlike flavin, is not 
detached from the protein when the flavoprotein is denatured by 
either boiling or acidification. 

The estimate that flavin accounts for 46 per cent of the total 
light absorption at 465 my is based on two different lines of 
evidence: (1) the decrease in absorption at 465 mu after reduction 
with NaeS.O,, and (2) the yield of flavin liberated from the de- 
natured flavoprotein. The estimates by these two different 
methods are identical within the limits of experimental error. 
For example, a solution of the flavoprotein showed an extinction 
of 0.46 at 465 mu. Assuming a 8 value of 2.4 X 10’ for the ab- 
sorption of flavin at 465 my (2), and assuming that flavin accounts 
for 46 per cent of the absorption at that wave-length, the solution 
should have contained 9.25 y of flavin phosphate per cc. The 
flavoprotein was denatured by acidification with glacial acetic 
acid, and the insoluble protein removed by centrifugation. Color- 
imetric and spectrophotometric estimations of flavin in the super- 
natant fluid showed 8.8 y of flavin phosphate per ce. of the original 
solution ; 7.e., 95 per cent of theory. 

Thus far we have not discussed the form in which flavin occurs. 
All known flavoproteins, with one exception, contain flavin in the 
form of flavin-adenine dinucleotide. The presence and amount of 
the dinucleotide can be determined manometrically in the d-amino 
acid oxidase test (3). Estimation by this test showed that all 
the flavin liberated by acid denaturation of the flavoprotein was 
quantitatively accounted for as dinucleotide (98 per cent recovery). 

At the highest purity level attained in the purification of the 
flavoprotein (€7s/€s0 = 20), the percentage of flavin phosphate 
was 0.86. The ultracentrifuge data (cf. accompanying note by 
Oncley) indicates that the flavoprotein accounts for about 60 per 
cent of the total sedimenting protein present in the preparation. 
The homogeneous protein should contain, therefore, at least 1.4 
per cent of flavin phosphate. This would be slightly more than 
twice the percentage found for typical flavoproteins. 


Tests for Catalytic Activity 


As yet no catalytic function has been found for the flavoprotein. 
The following substrates have been found negative in aerobic and 
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anaerobic test systems: aldehyde, alcohol, hypoxanthine, dihy- 
drocoenzyme I, dl-alanine, glucose, glyceraldehyde, butyrate, 
isoamylamine, adrenalin, a-glycerophosphate, glycerol, formate, 
d-glutamate, histamine, d-aspartate, lactate, pyruvate, a-hy- 
droxyglutarate, succinate, fumarate, oxaloacetate, and a-keto- 
glutarate. Crude preparations of the flavoprotein show some 
activity in catalyzing the oxidation of dihydrocoenzyme [| 
However, with further purification this activity disappears. 


Relationship to Other Flavoproteins 


The flavoprotein described above is not identical with any of 
the flavoproteins described in the literature. It bears, however, 
some structural resemblances to the liver aldehyde oxidase (4) 
and milk xanthine-aldehyde-dihydrocoenzyme I oxidase (5). 
These three flavoproteins have the following properties in common: 
(1) brownish color in concentrated solution; (2) flavin accounting 
for 33 to 37 per cent of the total absorption at 450 my; (3) a 
non-flavin colored group with general absorption in the visible 
region. At the moment it would be premature to consider the 
non-flavin colored group as identical in the three flavoproteins, 
though the available evidence is in favor of this view. This 
group has the same type of spectrum in the three cases. Further- 
more, it is always found in very firm combination with the protein. 
Denaturation whether by acid or heat does not liberate the non- 
flavin colored group from the protein. 


We are grateful to Professor A. B. Hastings for his interest and 
encouragement. The spectroscopic measurements were made in 
the spectroscopy laboratory of the Massachusetts Institute of Tech- 
nology and we are indebted to Dr. Duntley, and Mr. Kent, and 
Mr. Corliss for their cooperation. This investigation was assisted 
by a grant from the Ella Sachs Plotz Foundation. The Croft 
Brewery of Cambridge kindly supplied the ale yeast used in our 
experiments. 
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Note on Ultracentrifuge Analysis 


By J. L. ONcLEY 


(From the Department of Physical Chemistry, Harvard Medical 
School, Boston) 


The ultracentrifugal analysis was conducted upon two solutions, 
the first estimated to contain about 1 per cent of protein, and the 
second about 2 per cent. These solutions had been exhaustively 
dialyzed against 0.2 m potassium chloride. The ultracentrifuge, 
of the air-driven type,' was equipped with a modified Philpot- 





A B 


Fics. A anp B. Sedimentation diagrams of yeast flavoprotein. Taken 
60 minutes after reaching full speed (54,000 r.p.m.). Fig. A, with yellow 
light; Fig. B, with blue light. The meniscus is on the right, and sedimenta- 
tion occurs toward the left. 


schlieren system,? and was run at a speed of 54,000 r.p.M. with 
a cell 15 mm. high and a solution thickness of 10 mm. Fig. A 
shows the sedimentation diagram obtained with yellow light 
(Wratten Filter 22 and Wratten M plate), and Fig. B with blue 
and violet light (unfiltered, but with an Eastman Contrast-Process 
plate). These diagrams were obtained 60 minutes after full speed 
was reached. 

Analysis of the results revealed that only about one-half of the 
material contributing to the refractive increment was observably 


1 Bauer, J. H., and Pickels, E. G., J. Exp. Med., 65, 565 (1937). Pickels, 
E. G., Rev. Scient. Instruments, 9, 358 (1938). 
? Philpot, J. St. L., Nature, 141, 283 (1938). 
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sedimenting material. Of this sedimenting material, the main 
component was present in amounts of about 60 per cent, had a 
sedimentation constant of about 4.5 X 10~ (se,..), and was re- 
sponsible for nearly all of the light absorption. A faster moving 
component (s20,.. about 9 X 10~') was present to the extent of about 
20 per cent, and a slower moving component (820,. between 2 and 
3 X 10~") was present to the extent of about 20 per cent. No 
observable light absorption between 350 and 500 my wave-length 
was associated with these two components (Fig. B). 
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A NEW COLOR REACTION FOR THE PHENOLIC 
STEROIDS (NATURALLY OCCURRING 
ESTROGENS) 


Sirs: 

An interesting substance having specific properties results from 
the coupling of estrone, estriol, or estradiol with phthalic an- 
hydride. The basis is the well known work of Baeyer' in which 
he produced phenolphthalein from phenol and phthalic anhydride. 
Advantage is taken of the possession of a phenolic hydroxyl group 
by the three hormones mentioned. 

The procedure of a typical experiment is as follows: 1 cc. of a 
chloroform solution of 40 y of estrone is pipetted into an ordinary 
Pyrex test-tube, 1 cc. of 1 per cent phthalic anhydride in 95 per 
cent ethyl alcohol is added, and the mixture placed on a steam bath 
until dry. About 0.2 cc. of anhydrous stannic chloride are added 
from a bulb pipette, and the tube is rotated so that the stannic 
chloride moistens all of the dry material. It is then placed in an 
oven at 116-120° for 14 hours, after which it is transferred to a 
desiccator to cool. A dark red to reddish brown residue results. 
Upon addition of 5 ec. of chloroform with thorough stirring, this 
residue dissolves to produce a solution having a brilliant deep pink 
color with greenish yellow fluorescence. 

This color solution has an absorption band? at 538.6 my. The 
fluorescence band has its maximum at 557 mu. The fluorescence 
appears also in ultraviolet light. However, in ultraviolet light 
there is more rapid fading than in visible light. 

Estrone,* estradiol, and estriol, all of which have the phenolic 


! Baeyer, A., Ann. Chem., 202, 36 (1880). 

? I am indebted to Dr. Erich Schneider for the spectroscopic data and to 
Dr. Liese Lewis for the fluorimetric tests. 

* I wish to acknowledge the courtesy of Dr. Erwin Schwenk of the Scher- 
ing Corporation for the samples of estrone, estradiol, androsterone, de- 
hydroandrosterone, testosterone, and progesterone and that of Dr. Oliver 
Kamm of Parke, Davis and Company for samples of theelin and theelol. 
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hydroxyl group, yield colored products having the same optical 
properties. Cholesterol, testosterone, androsterone, dehydro- 
androsterone, and progesterone, which do not possess this grouping, 
do not produce this phthalein. Although any substance con- 
taining a phenol hydroxide group will form a phthalein in the same 
way, none of those tested thus far (phenol, tricresol, a-naphthol, 
thymol, 8-hydroxybenzoic acid, adrenalin, /-tyrosine, resorcinol, 
and pyrogallic acid) yields compounds having similar properties. 
These properties will, it is hoped, afford means of adapting the 
test to quantitative procedures. 

Preliminary tests indicate that quantitative results may be ob- 
tained either colorimetrically or fluorimetrically but the optimum 
conditions for producing the color have not yet been ascertained, 
nor has any attempt been made as yet to apply this test to ex- 
tracts of urine, blood, or tissues. 

The test is extremely delicate. By using appropriate amounts 
of reagents, as little as 0.25 y of estrone may be detected. 


Department of Physiology and Biochemistry IsraEL S. KLEINER 
New York Medical College, Flower and 
Fifth Avenue Hospitals 
New York 
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A PROCEDURE FOR THE DECOLORIZATION OF ACID 
DIGESTION MIXTURES FOR THE DETERMINATION 
OF NICOTINIC ACID 


Sirs: 


The following simple procedure yields clear, almost colorless 
solutions from acid digestion mixtures of whole blood, dried blood, 
urine, and tissues. The precipitation of colored material is ac- 
complished in the digestion tube and the mixture is cleared by 
centrifugation. The method possesses the advantage of simplicity 
and permits the complete recovery of added nicotinic acid. 

5 cc. of urine or blood or 5 gm. of tissue are transferred to a 
calibrated, heavy walled ignition tube such as is used in the deter- 
mination of non-protein nitrogen. Exactly 5 ec. of 8 Nn HCl are 
added and the contents are given a preliminary mixing by gently 
rotating the tube back and forth vertically between the palms. It 
is often impossible to mix samples immediately after adding the 
HCl. However, it is accomplished if the tube is shaken after the 
sample has been digested for a few minutes in a bath of boiling 
water. The tube is kept covered during the digestion. In the 
case of blood and tissue, the contents of the tube are mixed several 
times during the course of the digestion. Urine is digested for 30 
minutes in a bath of boiling water; blood and tissue for 60 minutes. 
The tube and contents are then cooled. 

2 cc. of a solution containing 800 gm. of Zn(SO,)-7H,O per 
liter are now added. Exactly 5 cc. of NaOH solution are added 
drop by drop. The hydroxide solution is prepared of such strength 
that 10.1 cc. are required to produce a faint pink color to phenol- 
phthalein when added to exactly 5 cc. of the 8 n HCl, 2 ec. of the 
ZnSO, solution, and approximately 25 cc. of water. The contents 
are kept well mixed by means of a long, thin, footed glass rod, and 
are cooled under cold running water, after which the precipitation 
of zine is completed by the addition of exactly 5 cc. more of the 
alkali. The mixture is again cooled, if necessary. 1 drop of 
caprylic alcohol is added, and the volume is adjusted to the 35 cc. 
mark. The tube is now closed by means of a rubber stopper and 
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the contents are well mixed. The tube should stand for at least 
10 minutes, with occasional mixing of the contents, to assure com- 
plete diffusion of the nicotinic acid from the residue and more 
efficient adsorption of the color by the zinc hydroxide. The 
precipitate is separated from the solution by means of centrifuga- 
tion. The reaction of the supernatant fluid should be colorless to 
phenolphthalein and alkaline to phenol red. 

For those materials which contain very large quantities of yellow 
substances, or which yield unusually large amounts of dark pig- 
ments, the hydrolysis in the presence of stannous chloride may 
prove useful. Stannous chloride bleaches many colored com- 
pounds and almost entirely prevents browning during the acid 
hydrolysis. However, the recovery of added nicotinic acid may be 
somewhat low. Therefore, the procedure should be carefully con- 
trolled, and parallel runs should be made with added quantities 
of nicotinic acid. 


Abbott Foundation for Medical Research TuHeoporeE E. FrRrEDEMANN 
Northwestern University Medical School CurrrorD J. BARBORKA 
Chicago 
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COAGULATION OF FIBRINOGEN BY SIMPLE ORGANIC 
SUBSTANCES AS A MODEL OF THROMBIN ACTION* 


Sirs: 


The addition of ninhydrin (triketohydrindene hydrate) to 
fibrinogen solutions or plasma has been found to produce typical 
fibrin clots. This reaction requires neither calcium nor thrombo- 
plastic factor and appears to parallel the action of thrombin in a 
remarkable manner. The coagulation time is dependent on the 
concentrations of both the fibrinogen and the ninhydrin. If the 


TaBie I 








Ninhydrin, mg...... | 0.88 | 0.44 0.22 / 0.11 | 0.06] 0 
Clotting time, min....... | 4 | ' 








Each tube contained 0.2 cc. of fibrinogen solution and 0.03 ce. of nin- 
hydrin solution. 


TaBie II 
Volume of Fibrin- —— Fibrin analyses* 
Clotting agent | reaction | ogen — AR cssintee = 














mixture N used recov N s 
ee. mg. mg. per cent per cent 
Thrombin........ 20.5 18.3 16.0 15.4 0.98 
Ninhydrin (54 mg.)...... 22 | 21.6 | 18.6 | 14.6 | 1.07 
- (177.6 mg.)........ 35 22.8 19.1 15.0 1.02 





* Calculated for preparations free of moisture and ash. 


fibrinogen concentration is kept constant, a smooth curve is ob- 
tained when the coagulation time is plotted against ninhydrin 
concentration. A typical experiment is reproduced in Table I. 
The formation of fibrin from fibrinogen is not accompanied by 
coloration, although a slight blue tint appears when the clotted 


* This work has been supported by a grant from the John and Mary R. 
Markle Foundation. 
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mixture is heated or stored for some time. No coagulation of milk 
caseinogen is observed under these conditions. 

A similar, although much less pronounced, clotting effect is 
obtained with another ketone, alloxan, and with salicylaldehyde. 
The following compounds were without effect in comparable con- 
centrations: formaldehyde, acetone, pyruvic acid, urea, allantoin, 
isatin, methylene blue, potassium ferricyanide. Two compounds 
having vitamin K activity, the sparingly water-soluble 2-methyl- 
1 ,4-naphthoquinone and the sodium salt of 2-methyl-1 ,4-naphtho- 
hydroquinone diphosphoric acid, were likewise inactive. The 
reactions were carried out at 30° and at pH 6.9 to 7.2. 

An attempt is being made to study the reactions involved, with 
a view to the elucidation of the mechanisms concerned in the 
physiological conversion of fibrinogen to fibrin. Analyses of 
fibrin samples obtained from horse fibrinogen by means of thrombin 
and ninhydrin respectively (Table II) indicate that compound 
formation between the latter reagent and the protein occurs to 
only a slight extent, if at all. 








Departments of Biochemistry and Surgery Erwin CHARGAFF 
College of Physicians and Surgeons Morris Zirr 
Columbia University 
New York 
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THE ACTIVATION OF INTESTINAL PEPTIDASES BY 
MANGANESE 


Sirs: 


From the work of Berger and Johnson! it is known that the 
erepsin obtained from hog intestinal mucosa is activated by mag- 
nesium or manganese, or manganese and cysteine, and that the 
activated erepsin hydrolyzes both the / and the d form of leucyl- 
glycine.? It has now been found that the intestinal enzyme which 
splits l-leucylglycine is a metal-protein compound. During the 
purification of the protein component most of the metal was re- 
moved and simultaneously the activity in the absence and in the 
presence of added manganese dropped from equality to a ratio of 
1:50. The combination of the protein with the activator metal 
is a time reaction, the reaction rate and total activity depending 
upon the concentration of metal. At pH 7.9 and 40°, a solution 
containing per cc. 50 y of protein nitrogen and 0.01 mm MnSO, 
required more than 4 hours to attain its maximal activity. The 
metal-free protein is, at this temperature and pH, much more 
stable than is the Mn-protein compound. 

Our enzyme preparations were colorless and water-clear solu- 
tions. After reaction with manganese, the enzyme hydrolyzed 
Lleucylglycine and J/-leucylglycylglycine with a proteolytic co- 
efficient® of 2.2 to 2.3; 7.e., in a reaction mixture containing 2.5 7 
of protein nitrogen per cc. of the enzyme, J-leucylglycine was 
hydrolyzed more than 50 per cent in 1 hour (substrate = 0.05 
mm per cc., 40°, pH 7.9). 

Most of the activity of the crude extract of mucosa toward 
glycylglycine and J-alanylglycine was removed during the isolation 
of the enzyme which hydrolyzes /-leucylglycine. This shows that 


1 Berger, J., and Johnson, M. J., J. Biol. Chem., 180, 641 (1939). 
? Berger, J., Johnson, M. J., and Baumann, C. A., J. Biol. Chem., 187, 
389 (1941). 
* Irving, G. W., Jr., Fruton, J. 8., and Bergmann, M., J. Biol. Chem., 
138, 231 (1941). 
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the enzyme that hydrolyzes /-leucylglycine is different from the 
enzyme or enzymes that hydrolyze the other two peptides. More- 
over, during the purification the ratio of the velocity constants for 
the Mn-activated hydrolysis of d-leucylglycine and I-leucylglycine 
decreased from 1/50 to 1/10,000. It is apparent that the two 
antipodes are hydrolyzed by distinct enzymes. 

Since the intestinal enzymes that hydrolyze other peptides such 
as glycylglycine and prolylglycine are also activated by Mn,!-4 
it becomes clear that there are in intestinal mucosa several metal- 
containing proteases. The fact that the action of several pep- 
tidases is inhibited by HCN and H,S* may be taken as indicating 
also that these enzymes are metal-protein compounds. The pres- 
ence of metal-containing peptidases in anaerobic bacteria has been 
demonstrated by Maschmann.® 
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Blood: Adrenalin, determination, 
Bloor and Bullen, 
Feces, determination, colorimet- 
ric, Andrews and Brooks, 3Al 
Hemoglobin, inactive, Ammund- 
sen, 563 
Uric acid, diet effect, Wachtel, 
Hove, Elvehjem, and Hart, 361 
Blood cell(s): Phosphorus, acid-sol- 
uble, vertebrates, Rapoport and 
Guest, 269 


727 | 


| 


Red, coenzyme I, nicotinic acid | 
deficiency effect, Axelrod, Spies, — 


and Elvehjem, 
Blood plasma: Glycoprotein, mam- 
mary gland, lactating, utiliza- 
tion, Reineke, Williamson, and 
Turner, 83 
Phosphatase, embryonic and tu- 
mor growth, effect, Weil, 375 
Prothrombin, hemorrhagic con- 
centrate determination 


667 


by, | 


sweet clover disease, Campbell, | 


Smith, Roberts, and Link, 1 
Ultrafiltrates, cystine content, 
l-cystine and dl-methionine ad- 
ministration effect, Brown and 
Lewis, 
—, sulfur distribution, Brown and 


Lewis, 705 
—, — —, l-cystine and di-methi- 
onine administration effect, 
Brown and Lewis, 717 


Blood serum: Albumin, crystalliza- 
tion, Kendall, 97 
Protein, Kendall, 97 
Sodium, determination, spectro- 
chemical, Steadman, 603 
Bone: Phosphate adsorption, radio- 
active isotope in study, Hodge, 
Van Huysen, Bonner, and Van 
Voorhis, 451 
Bone marrow: Cytochrome oxidase, 


copper relation, Schultze, 219 
Hematopoietic activity, copper 
relation, Schultze, 219 


717 | 


Index 


Brain: Oxidation by, 2,3,5-triiodo- 


benzoate and monoiodoben- 
zoate effect, Bernheim and 
Bernheim, 501 


Pyruvic acid, oxidation and phos- 

phorylation, Ochoa, 751 

Bromobenzyl bromide: p-, N-acetyl- 

S - p - bromobenzy] - | - cysteine 

synthesis from, Stekol, 225 

Bromobenzyl-i-cysteine: S-p-, N- 
acetyl-S-p-bromobenzy]-/-cys- 
teine synthesis from, Stekol, 

225 

Bromobenzylglutathione: S-p-, N- 
acetyl-S-p-bromobenzyl-l-cys- 
teine synthesis from, Stekol, 

225 

Bromophenyl-d-cysteine: p-, acety- 


lation in vivo, du Vigneaud, 
Wood, and Binkley, 369 
Butyric acid: 6-Hydroxy-, mam- 


mary gland, lactating, utiliza- 
tion, Shaw and Knodt, 287 
—, utilization, concentration ef- 


fect, Wick and Drury, 129 
Cc 
Carbinol: Acetylmethyl-, pyruvic 


acid formation from, bacterial 
enzyme preparation use, Silver- 


man and Werkman, 35 
Carboxylase: Green, Herbert, and 
Subrahmanyan, 327 


Cathepsin: Spleen, nature, Fruton, 
Irving, and Bergmann, 249 
Chick: Choline, nutrition essential, 
Hegsted, Mills, Elvehjem, and 
Hart, 459 
Methionine, nutrition essential, 
Klose and Almquist, 467 
Chilomonas paramecium: Diphos- 


phopyridine nucleotide synthe- 
and 


sis, Hutchens, Jandorf, 

Hastings, 321 
Choline: Biological relationships, 

Stetten, 437 











ho ee ee 








Subjects 


Choline—continued: 
Body, choline-free diets, effect, 
Jacobi, Baumann, and Meek, 
571 
-Free diets, body choline, effect, 
Jacobi, Baumann, and Meek, 
571 
Livers, fatty, depancreatized dogs 
with insulin, relation, Enten- 
man and Chaikoff, 477 
Nutrition essential, chicks, Heg- 
sted, Mills, Elvehjem, and Hart, 
459 
-Related compounds, biological 
relationships, Stetten, 437 
Cholinesterase: Morphine effect, in 
vitro, Eadie, 597 
Clover: Sweet, hemorrhagic agent, 
identification and synthesis, 
Stahmann, Huebner, and Link, 
513 
—, — —, isolation and crystalli- 
zation, Campbell and Link, 21 
—, ——, synthesis, Huebner and 
Link, 529 
—, — concentrate determination, 
blood plasma prothrombin use 
in, Campbell, Smith, Roberts, 


and Link, 1 
—, — effect, Campbell, Smith, 
Roberts, and Link, 1 
Campbell and Link, 21 
Stahmann, Huebner, and Link, 
513 

Huebner and Link, 529 | 


Coenzyme: I, blood cell, red, nico- 
tinic acid deficiency effect, 


Azelrod, Spies, and Elvehjem, | 


667 


—, muscle, nicotinic acid defi- 


ciency effect, Azelrod, Spies, 
and Elvehjem, 667 
Copper: Bone marrow cytochrome 
oxidase, relation, Schultze, 219 

— — hematopoietic activity, re- 
lation, Schultze, 219 
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Creatine: Body, formation and dis- 
appearance rate, Bloch, Schoen- 
heimer, and Rittenberg, 155 

Precursors, biological, Bloch and 
Schoenheimer, 167 

Cysteine: N - Acetyl - 8 - p - bromo- 
benzyl - | -, synthesis from p - 
bromobenzyl bromide, 8 - p - 
bromobenzy] - | - cysteine, and 
S - p - bromobenzylglutathione, 
Stekol, 225 

S-p-Bromobenzyl-l-, N-acetyl-8- 
p-bromobenzyl-l-cysteine syn- 
thesis from, Stekol, 225 

p-Bromophenyl-d-, acetylation in 
vivo, du Vigneaud, Wood, and 


Binkley, 369 
Cystine: Blood plasma _ ultrafil- 
trates, l-cystine and dl-methio- 
nine administration effect, 
Brown and Lewis, 717 
Decomposition, alkaline, Lind- 
strom and Sandstrom, 445 


l-, blood plasma ultrafiltrate cys- 
tine and sulfur distribution, ad- 
ministration effect, Brown and 
Lewis, 717 

Cytochrome: Oxidase, bone marrow, 
copper relation, Schultze, 219 


D 


Dentin: Phosphate adsorption, 
radioactive isotope in study, 
Hodge, Van Huysen, Bonner, 
and Van Voorhis, 451 

Diet: Blood uric acid, effect, Wach- 
tel, Hove, Elvehjem, and Hart, 

361 
Liver uricase, effect, Wachtel, 
Hove, Elvehjem, and Hart, 361 

Digestive secretion(s): Thiamine, 
fate, Melnick, Robinson, and 
Field, 49 

Diphosphopyridine: Nucleotide, de- 


termination, manometric, Jan- 
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Diphosphopyridine—continued: 
dorf, Klemperer, and Hastings, 
311 
—, isolation, Jandorf, 
—, synthesis, Chilomonas para- 


Enamel: Phosphate adsorption, ra- 


dioactive isotope in study, 
Hodge, Van Huysen, Bonner, 
and Van Voorhis, 451 


Enzyme(s): Bacterial, preparation, 
acetylmethylearbinol formation 
from pyruvie acid by, Silver- 
man and Werkman, 35 

Proteolytic, tissue, Fruton, Irving, 
and Bergmann, 249 
Tissue, ascorbic acid deficiency, 
relation, Harrer and King, 
111 
See also Carboxylase, Cathepsin, 
Cholinesterase, Coenzyme, Oxi- 
dase, Papain, Peptidase, Phos- 
phatase, Proteinase, Trypsin, 
Urease, Uricase 

Esterase: Cholin-, morphine effect, 
in vitro, Eadie, 597 

Estratrienol - 3 - one - 17: A-5,7,9-, 
urine, pregnancy, isolation, 
Heard and Hoffman, 651 

Estrogen(s): Color test, Kleiner, 


-Related compounds, biological 
relationships, Stetten, 437 


305 | 


mecium, Hutchens, Jandorf, and | 


Hastings, 321 | 

. 

Embryo: Growth, blood plasma | 
phosphatase, effect, Weil, 375 


783 
Determination, photometric, 
Bachman and Pettit, 689 
Solubilities, Doisy, Huffman, | 
Thayer, and Doisy, 283 
Urine, pregnancy, determination, 
photometric, Bachman and 
Pettit, 689 
Ethanolamine: Biological relation- 
ships, Stetten, 437 





Index 


F 


| Fasting: Ketosis, alkalosis and 
acidosis effect, MacKay, Wick, 
Carne, and Barnum, 63 
Fat(s): Feces, fractionation, appa- 
ratus, Kaye, Leibner, and Sobel, 

643 

Metabolism, vitamins B and, Me- 
Henry and Gavin, 471 
Synthesis from protein, vitamin 
B effect, McHenry and Gavin, 

471 

Fatty acid(s): Phosphatide, tuber- 
cle bacillus, Peck and Ander- 
son, 135 
Feces: Blood determination, color- 
imetric, Andrews and Brooks, 


341 
Fat, fractionation, apparatus, 
Kaye, Leibner, and Sobel, 643 


Fibrinogen: Coagulation, thrombin 
action model, Charga and Zif, 


787 

Fish: See also Hagfish 
Flavoprotein: Yeast, Green, Knoz, 
and Slumpf, 775 

G 

Glutamic acid: Proteins, malig- 
nant tissue, Woodward, Rein- 
hart, and Dohan, 677 


, Glutathione: S-p-Bromobenzyl-, N- 
acetyl - 8 - p-bromobenzy!l - | - 
cysteine synthesis from, Stekol, 

225 

Glycine: Sarcosine demethylation, 
oxidative, relation, Handler, 
Bernheim, and Klein, 211 
Glycocyamine: Biological fluids, de- 


termination, micro-, Dubnoff 
and Borsook, 381 
| Formation, biological, Borsook, 

Dubnoff, Lilly, and Marriott, 


Tissue extracts, determination, 






























Subjects 


Glycocyamine—continued: 
micro-, Dubnoff and Borsook, 
381 
Tissues, formation, Borsook and 
Dubnoff, 389 
Urine, excretion, Borsook, Dub- 
noff, Lilly, and Marriott, 405 


Glycoprotein: Blood plasma, mam- 
mary gland, lactating, utiliza- 
tion, Reineke, Williamson, and 


Turner, 83 

H 
Hagfish: Slime, protein, fibrous, 
Ferry, 263 


Hair: See also Achromotrichia 
Hematopoietic activity: Bone mar- 
row, copper relation, Schulize, 
219 
Hemoglobin: Inactive, blood, Am- 
mundsen, 563 
Hemorrhage: Agent, sweet clover, 
isolation and crystallization, 
Campbell and Link, 
Concentrates, sweet clover, de- 
termination, blood plasma 
prothrombin use in, Campbell, 
Smith, Roberts, and Link, 1 
Sweet clover, agent, identification 
and synthesis, Stahmann, Hueb- 
ner, and Link, 513 
—, —, synthesis, Huebner and 


Link, 529 
——, effect, Campbell, Smith, 
Roberts, and Link, 1 
Campbell and Link, 21 


Stahmann, Huebner, and Link, 
513 

Huebner and Link, 529 
Hydroxyapatite: Phosphate adsorp- 
tion, radioactive isotope in 
study, Hodge, Van Huysen, 
Bonner, and Van Voorhis, 451 
Hydroxybutyric acid: 6-, mammary 
gland, lactating, utilization, 
Shaw and Knodt, 287 


21 | 


Hydroxybutyric acid—continued: 
—, utilization, concentration ef- 


fect, Wick and Drury, 129 

I 
Insulin: Crystalline, zinc-low, Sah- 
yun, 487 
Livers, fatty, pancreatectomy 
and, choline relation, Enten- 
man and Chaikoff, 477 


Intestine: Peptidases, manganese 
effect, Smith and Bergmann, 

789 

Iodobenzoate: Mono-, brain oxida- 

tion by, effect, Bernheim and 

Bernheim, 501 

2,3,5-Tri-, brain oxidation by, 

effect, Bernheim and Bernheim, 

501 


K 


Ketosis: Acidosis effect, MacKay, 
Wick, Carne, and Barnum, 63 
Alkalosis effect, MacKay, Wick, 
Carne, and Barnum, 63 
Man and dog, comparison, Cran- 
dall, 123 
Kidney: N-Methylamino acids, oxi- 
dation, in vitro, Handler, Bern- 
heim, and Klein, 203 





L 


Lactation: Blood plasma glycopro- 
tein utilization, Reineke, Wil- 
liamson, and Turner, 83 

B-Hydroxybutyric acid utiliza- 
tion, Shaw and Knodt, 287 

Lactic acid: Biological material, de- 
termination, colorimetric, Bar- 
ker and Summerson, 535 

Lanthionine: Wool, isolation, Horn, 
Jones, and Ringel, 141 

—, synthesis, du Vigneaud and 
Brown, 151 

Lipid(s): Extraction, apparatus, 

Kaye, Leibner, and Sobel, 643 
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Lipid(s)—continued: 
Tubercle bacillus, chemistry, 
Peck and Anderson, 135 


See also Phospholipids 
Liver: Fatty, depancreatized dogs 
with insulin, choline relation, 
Entenman and Chaikoff, 477 
N-Methylamino acids, oxidation, 
in vitro, Handler, Bernheim, and 
Klein, 203 
Uricase, diet effect, Wachtel, 
Hove, Elvehjem, and Hart, 361 
Water, potassium salts, injection 
effect, Eichelberger, 583 


M 
Mammary gland: Lactating, blood 


plasma glycoprotein utilization, 
Reineke, Williamson, and Tur- 


ner, 83 
—, B-hydroxybutyric acid utiliza- | 
tion, Shaw and Knodt, 287 | 


Manganese: Intestine peptidases, 
effect, Smith and Bergmann, 


789 
Mercapturic acid: Synthesis, ani- 
mals, Stekol, 225 


Methionine: di-, blood plasma ul- 
trafiltrate cystine and sulfur 
distribution, administration ef- 
fect, Brown and Lewis, 717 

Nutrition essential, chick, Klose 
and Almquist, 467 

Methylamino acid(s): N-, oxidation, 
kidney and liver, in vitro, 
Handler, Bernheim, and Klein, 

203 

Monoiodoacetate: Brain oxidation 

by, effect, Bernheim and Bern- 


heim, 501 
Morphine: Cholinesterase, in vitro, 
effect, Eadie, 597 


Mosaic: Tobacco, virus protein, 
amino acids, determination, 
Ross, 741 

Mucopolysaccharide(s): Skin, Meyer 

and Chaffee, 491 





| Muscle: Coenzyme I, nicotinic acid 
deficiency effect, Axelrod, Spies, 


and Elvehjem, 667 

Water, potassium salts, injection 

effect, Eichelberger, ' 583 
N 


Nicotinamide: Bacteria, metabo- 
lism, réle, Saunders, Dorfmar, 
and Koser, 6Y 

| -Related compounds, bacteria, 
metabolism, rdéle, Saunders, 
Dorfman, and Koser, 69 

Nicotinic acid: Blood cell, red, co- 
enzyme I, deficiency effect, 

Azelrod, Spies, and Elvehjem, 

667 

Determination, digestion mix- 
tures, decolorization in, Friede- 
mann and Barborka, 785 
Muscle coenzyme I, deficiency ef- 
fect, Azelrod, Spies, and Elve- 
hjem, 667 

| Nucleotide: Diphosphopyridine, 
| determination, manometric, 

Jandorf, Klemperer, and Hast- 

ings, 311 

| —, isolation, Jandorf, 305 

—, synthesis, Chilomonas para- 

mecium, Hutchens, Jandorf, and 
Hastings, 321 


| 
| 
| 
| 
| 
| 


oO 


Oxidase: d-Amino acid, benzoic 
acid effect, Klein and Kamin, 


507 
Cytochrome, bone marrow, cop- 
per relation, Schultze, 219 


P 


Pancreatectomy: Livers, fatty, in- 
sulin and, choline relation, En- 
tenman and Chaikoff, 477 

Papain: Crystalline, thyroglobulin 
denaturation, effect, Lundgren, 

293 














Subjects 
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Peptidase(s): Intestine, manganese | Protein(s)—continued: 


effect, Smith and Bergmann, 
789 
Phosphatase: Blood plasma, embry- 
onic and tumor growth, effect, 





Weil, 375 
Phosphate(s): Bone, adsorption, ra- 
dioactive isotope in study, 
Hodge, Van Huysen, Bonner, 
and Van Voorhis, 451 
Dentin, adsorption, radioactive 
isotope in study, Hodge, Van 
Huysen, Bonner, and Van 
Voorhis, 451 
Enamel, adsorption, radioactive 
isotope in study, Hodge, Van 
Huysen, Bonner, and Van 
Voorhis, 451 
Hydroxyapatite, adsorption, ra- 
dioactive isotope in study, 
Hodge, Van Huysen, Bonner 
and Van Voorhis, 451 
Phosphatide(s): Fatty acids, tu- 
bercle bacillus, Peck and An- 
derson, 135 
Phospholipid(s): Bases, determina- | 


tion, isotope method, Chargaff, 


Ziff, and Rittenberg, 439 
Phosphorus: Acid-soluble, _ blood 
cells, vertebrates, Rapoport and 
Guest, 269 | 
Polysaccharide(s): Muco-, skin, 
Meyer and Chaffee, 491 


Potassium salt(s): Liver water, ef- 


fect, Eichelberger, 583 
Muscle water, effect, Eichelber- 
ger, 583 
Pregnancy: Urine, 4-5,7,9-estra- 
trienol-3-one-17 © isolation, 
Heard and Hoffman, 651 


— estrogens, determination, pho- 
tometric, Bachman and Pettit, 
689 

Protein(s): Blood serum, Kendall, 


Fat synthesis from, vitamin B 


= | 


| Prothrombin: 


| 
| 





McHenry and Gavin, 
471 


Fibrous, hagfish slime, Ferry, 
263 


Flavo-, yeast, Green, Knoz, and 
Stumpf, 775 
Glyco-, blood plasma, mammary 
gland, lactating, utilization, 
Reineke, Williamson, and Tur- 
ner, 83 
Malignant tissue, glutamic acid, 
Woodward, Reinhart, and Do- 


effect, 


han, 677 
Molecules, shape, Neurath, 
Cooper, and Erickson, 411 


Native, viscosity and diffusion, 
Neurath, Cooper, and Erickson, 


411 
Sulfur, Lindstrom and Sand- 
strom, 445 
Tobacco mosaic virus, amino 


acids, determination, Ross, 
741 
Proteinase: Kinetics, specificity 
problems, application, Irving, 
Fruton, and Bergmann, 231 
Proteolysis: Enzymes, tissue, Fru- 
ton, Irving, and Bergmann, 249 
Blood plasma, 
hemorrhagic concentrate de- 
termination by, sweet clover 
disease, Campbell, Smith, one 

erts, and Link, 

Pyridoxine: Determination, Ph 
logical, Conger and Elvehjem, 
555 
Pyruvic acid: Acetylmethylearbinol 
formation from, bacterial en- 
zyme preparation use, Silver- 
man and Werkman, 35 
Brain, oxidation and phosphory- 
lation, Ochoa, 751 
Determination, acetoacetic acid 
elimination in, Elgart and Nel- 
son, 443 
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Ss 
Sarcosine: Demethylation, oxida- 
tive, glycine, relation, Handler, 
Bernheim, and Klein, 211 
Skin: Mucopolysaccharides, Meyer 


and Chaffee, 491 
Slime: Hagfish, protein, fibrous, 
Ferry, 263 


Sodium: Blood serum, determina- 


tion, spectrochemical, Stead- 
man, 603 
Sperm: Metabolism, Lardy and 
Phillips, 195 


Spleen: Cathepsin, nature, Fruton, 

Irving, and Bergmann, 249 
Steroid(s): Heard and Hoffman, 

651 

Phenolic, color test, Kleiner, 783 

Sulfur: Blood plasma ultrafiltrates, 

distribution, Brown and Lewis, 


Index 








| 
| 
| 


| 


705 | 


—,—, lLeystine and dl- 
methionine administration ef- 
fect, Brown and Lewis, 717 

-Containing amino acid, wool, iso- 
lation, Horn, Jones, and Rin- 


| 


gel, 141 | 
——, —, synthesis, du Vi- 
gneaud and Brown, 151 


Metabolism, Brown and Lewis, 


705, 717 
Proteins, Lindstrom and Sand- 
strom, 445 
T 
Thiamine: Digestive secretions, 


fate, Melnick, Robinson, and 


Field, 49 
Threonine: Determination, perio- 
date use, Shinn and Nicolet, 91 


Thrombin: Action, fibrinogen coag- 
ulation, relation, Chargaff and 
Ziff, 787 

Pro-, blood plasma, hemorrhagic 
concentrate determination by, 
sweet clover disease, Campbell, 

Smith, Roberts, and Link, 1 


| 














Thyroglobulin: Denaturation, pa- 
pain, crystalline, effect, Lund- 
gren, 293 

Tobacco: Mosaic virus protein, 
amino acids, determination, 
Ross, 741 

Triiodobenzoate: 2,3,5-, brain oxi- 
dation by, effect, Bernheim and 
Bernheim, 501 

Trypsin: Kinetics, synthetic sub- 
strates, Hofmann and Berg- 
mann, 243 

Tubercle bacillus: Lipids, chemis- 
try, Peck and Anderson, 135 

Tuberculin: Cell residues, phos- 
phatide fatty acids, Peck and 
Anderson, 135 

Tumor: Growth, blood plasma phos- 
phatase, effect, Weil, 375 

Malignant, protein glutamic acid, 
Woodward, Reinhart, and 
Dohan, 677 


U 


Urease: Crystalline, oxidation-re- 
duction potential, relation, 
Sizer and Tytell, 631 

Uric acid: Blood, diet effect, Wach- 
tel, Hove, Elvehjem, and Hart, 

361 

Uricase: Liver, diet effect, Wachtel, 
Hove, Elvehjem, and Hart, 361 

Urine: Glycocyamine excretion, 
Borsook, Dubnoff, Lilly, and 
Marriott, 405 

Pregnancy, A-5,7,9-estratrienol- 
3-one-17 isolation, Heard and 
Hoffman, 651 

—, estrogens, determination, 
photometric, Bachman and 
Pettit, 689 


Vv 


Vertebrate(s): Blood cells, phos- 
phorus, acid-soluble, Rapoport 
and Guest, 269 








Subjects 


Virus: Tobacco mosaic protein, 
amino acids, determination, 
Ross, 741 

Vitamin(s): B, fat metabolism and, 
McHenry and Gavin, 471 

—, — synthesis from protein, 
effect, McHenry and Gavin, 
471 
B, See also Thiamine 
B, See also Pyridoxine 
C. See also Ascorbic acid 
See also p-Aminobenzoic acid 


Ww 


Water: Liver, potassium salts, in- 
jection effect, Kichelberger, 583 
Muscle, potassium salts, injection 
effect, Eichelberger, 583 
Wool: Lanthionine isolation, Horn, 
Jones, and Ringel, 141 

— synthesis, du Vigneaud and 
Brown, 151 


| 
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Wool—continued: 
Sulfur-containing amino acid, iso- 
lation, Horn, Jones, and Ringel, 
141 
— — —, synthesis, du Vigneaud 
and Brown, 151 


x 


| Xylulose: J-, metabolism, Larson, 





Blatherwick, Bradshaw, Ewing, 
and Sawyer, 353 


Y 
Yeast: Flavoprotein, Green, Knoz, 
and Stumpf, 775 


Z 


Zinc: -Deficient diet, blood uric 
acid and liver uricase, effect, 
Wachtel, Hove, Elvehjem, and 
Hart, 361 
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